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ABSTRACT

The plant pathogen responsible for halo blight in legum es. P seiulom onas
syringae pathovar phaseolicola. produces an alginate exopolysaccharide which prevents
desiccation and enhances the "w ater soaking" effect associated with pathogenesis. These
bacteria dem onstrated elevated extracellular alginate lyase activity during log grow th and
stationary phases in batch cultures.

An analysis o f the substrate specificity indicated

enzym atic activity on both acetylated and non-acetylated alginate.

The release o f the

enzym e(s) in log grow th phase and the subsequent decrease in production in stationary
phase have not been previously reported. Extracellular activity during rapid cell growth
w as confirm ed by continuous culture in both nutrient broth and a glucose-sim ple salts
media. The activity levels in both m ed ia peaked at 60% o f the w ashout rate, though the
nutrient broth grow n cells produced tw ice the activity per mg cell. .An analysis o f m edia
com ponents in batch grow th indicated both glutam ate and iron concentrations affected the
level o f alginate lyase activity in log grow th phase.
functional relationship between

This analysis also suggested a

grow th rate and activity level, as slow grow ing batch

cultures displayed higher activity per m g cell than fast grow ing cultures.

Batch-grown

P seudom onas syringae cells at a fixed cell density adhered to glass linearly over time.
The corresponding rates o f adhesion increased logarithmically w ith increasing cell
density. An adhesion rate analysis o f continuous culture cells displayed an absence o f
adhesion except at very low dilution rates, suggesting only stationary phase cells adhered.
Effluent from a m icro-ecosystem w hich contained starved, sessile cells w as analyzed for
cell number, cell adhesion, and extracellular alginate lyase activity upon nutrient addition.
The addition o f nutrient to these cells initiated an increase in cell num ber and
exopolysaccharide in the biofilm w ithin the m icroecosystem . This biofilm was disrupted
after three hours o f nutrient addition by alginate lyase(s). resulting in increased cell
num bers in the effluent and the release o f putative stationary phase cells which adhered

Xlll
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dow nstream . These observations suggest a role for alginate lyasetsi in P. sxrin^ac as
part o f a release m echanism for viable cells from biofilm s.

XIV
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INTRODUCTION

Some

pseudomonads,

including Pseudomonas

syringae

pathovar

(pv.)

phaseolicola, produce an alginate exopolysaccharide, that is composed of randomly
organized, (1—>4) linked, unbranched backbones of acetylated and non-acetylated P D
mannuronic acid (M) and a-L guluronic acid (G). This exopolysaccharide can form
intermolecular cationic bridges creating viscous gels.

The alginate produced by P.

syringae has a high mannuronic acid to guluronic acid ratio (M:G) creating a biofilm with
a high water holding capacity (Ashby, 1994). Biofilms protect bacteria from adverse
environmental conditions, including physical and chemical forces which detach
immobilized cells (Costerton, ei a i, 1985). This protection enhances bacterial infections
in medical and industrial situations. Alginate biofilms produced during pseudomonal
infections inhibits antibiotic effectiveness (Reid, etal., 1993). These biofilms also protect
industrial contaminants against biocides (LeChevallier, et al., 1988).
Most alginate producing pseudomonads produce an alginate lyase (EC 4.2.2.S)
which may degrade their exopolysaccharide (Linker and Evans, 1984; Davidson, et al.,
1977). These enzymes cleave alginate by a P-eliminase mechaitism with a rate that is
dependent upon the identity of the sugars being cleaved (Heyraud, et a i, 1996). The
products of alginate lyases are primarily dimers, trimers, tetramers, and pentamers
(Linker and Evans, 1984). The benefits of the enzyme to the cell are not well defined.
Alginate lyase is necessary for alginate synthesis in Pseudomonas aeruginosa (Monday
and Schiller, 1996). However, the presence of high concentrations of alginate lyase in late
stationary phase of growth of these cells has given rise to speculation that this enzyme has
a role in a release of cells entrapped in biofilms (Boyd and Chakrabarty, 1994). When
alginate lyase genes are over expressed in P. aeruginosa, surface cultures release high
numbers of cells from biofilms.
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Physiological studies of bacteria found in biofilms indicate that extended growth
on surfaces causes structural modifications (Fletcher, 1996).

When planktonic cells

attach to surfaces, changes in cell surface hydrophobicity, flagellar structure, surface
proteins, and surface carbohydrates can occur. The physiological changes which occur
after cell release from biofilms have not been well documented, although some evidence
indicates reversal of the alterations seen during attachment (Vandivivere and Kirchman,
1993).
The purpose of this study was investigate the role alginate lyase plays in the
release of P. syringae pv. phaseolicola from entrapping biofilms, through analysis of
extracellular enzyme production and location, potential environmental factors which
initiate enzymatic release, the activity of the enzyme on the biofilm structure, and the
resultant characteristics of cells after release from biofilms.
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LITERATURE REVIEW

I. Alginates
Alginate, a polysaccharide produced by the brown algae, Phaeophyceae, has been
recognized for many years and was first produced commercially in the early 1800's, as a
crude source of iodine (Clare, 1993). Alginate composes 18 to 40% by weight of the
brown algae, depending on the variety and portion of the plant from which the sample is
taken (e.g. stalk, leaf). This polysaccharide plays an essential role in algal physiology,
maintaining the structure of the algal tissue, as is demonstrated by the tissue collapse seen
upon polymer extraction (Painter, 1983). Staining and polarization microscopy have
shown that this polymer is mainly intercellular, although it also may be found in the cell
wall.
Alginate solutions are pseudoplastic in nature, but the degree of non-Newtonian
response is concentration dependent (Cottrell and Kovacs, 1980). Solution viscosities are
inversely related to temperature changes, as viscosity decreases 12% for every 5.6°C
increase in temperature. Increasing concentrations of certain di- and trivalent cations
increase the gelation and thus viscosity of alginate solutions. Alginate solutions are stable
down to a pH between 3 and 4, where acid gelation occurs, or up to pH 11, where the
polymer degrades. The ability of alginates to hold water, gel, emulsify, and stabilize have
led to numerous food and industrial applications.
In 1964, Linker and Jones reported that an alginate-like exopolysaccharide (EPS)
was produced by bacteria (Linker and Jones, 1964). Bacterial alginates, which are now
recognized products of a variety of microbes, are generally of two types.

A block

structure "seaweed like" polymer is produced by Azotobacter vinelandii during
encystment (Sadoff, 1975).

A randomly organized polymer is produced by many

pseudomonads, as an extracellular capsular material (Govan, et al., 1981).
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The benefits of alginate production to the bacteria var\ with the organism and its
environment. Alginate biofilms enhance immobilization of microorganisms to a surface
or host (Bayer, et a i. 1992; Mai, et a i, 1993; Marcus and Baker, 1985; Ramphal and
Pier, 1985). These biofilms have been shown to protect bacteria from host macrophages
or protozoa (Sutherland, 1982). The alginate which surrounds the cells allows a free flow
of water from outside of the gel, and will prevent cell desiccation by retaining water under
arid conditions. Some evidence suggests that the natural attraction of cations to these
negatively charged hydrogels may confer a competitive advantage to the organism
allowing critical cation sequestering (Haug, 1961).

The alginate of plant pathogens

contributes to their pathogenicity by promoting the condition known as water soaking,
where the intercellular mesophyll of infected plants becomes filled with water allowing
increases in bacterial cell populations (El-Banoby and Rudolph, 1979; Fett, et ai, 1989).
A.

Chemical composition and physical properties. Pseudomonal alginates are

composed of randomly organized ( 1—>4) linked unbranched backbones of acetylated and
non-acetylated P-D-mannuronic acid and its C 5 epimer, a-L guluronic acid (Fig. 1).
The order of the monomers appears to be random (Skjak-Braek, 1992). Conversely,
both seaweed and Azotobacter alginates contain mainly polymannuronic
polyguluronic acid blocks in their structures.

and

The epimerization of mannuronic to

guluronic acid by a mannuronan C-5 epimerase produces major conformational changes
in the monomer, which in turn alter the secondary and tertiary structures of their
respective polymers (Fig. 2). The carboxyl group, which is the largest substituent of the
pyranose ring of uronic acid, energetically favors an equatorial position. This equatorial
position increases the probability of the P-D-mannuronic acid existing in a ^Ci chair
conformation and the a-L-guluronic acid in a IC 4 chair conformation. This produces
1—>4 linkages in polymannuronic acid chains where both the C-1 and C-4 are in an
equatorial position. X-ray fiber diffraction studies have shown that p>olymannuroitic acid
in solution has a flat ribbon-like structure, similar to cellulose (Geddie and Sutherland,
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Figure 1. Structures of mannuronic and guluronic acid.
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1993).

In contrast, the ^C4 chair conformation of a-L-guIuronic acid favors the

positioning of the C-1 and C-4 in an axial position. The diaxially linked polyguluronic
acid produces buckled chains in solutions (Atkins and Nieduszynski, 1973).

This

conformation of guluronic acid blocks led to the proposed "Egg-box" model of gelation
(Nilsson, 1992) for "block polymer" alginates (Fig. 3). Multivalent cations, especially
calcium, can form chelation complexes with guluronic acid blocks of greater than twenty
residues. The binding of one cation produces a cooperative effect which facilitates the
further binding of other cations. Polymannurotiic acids also bind divalent cations and
form cross-links, but blocks of these monomers show a lower cation attraction and no
cooperativity (Kohn, 1975). While pseudomonal alginates are randomly organized, they
contain sufficient numbers of polyguluronic and polymannuronic blocks to gel.
The physical properties of alginates are determined by both their primary
structures and substituent groups. The constancy of the primary structure produced by a
given bacterial species is dependent on growth conditions, which include aeration and
carbon source (Marty, etal., 1992). Variations are observed in M:G ratios of alginate
isolated from bacteria at different stages of growth. The M:G ratio of a mature culture,
under given conditions, is reproducible for any specific bacterial strain.

While the

majority of seaweed alginates have M:G ratios between 0.45 and 1.85 (Haug and Larsen,
1962), the ratios reported for bacterial alginates can be significantly higher. Strains of P.
aeruginosa produce a range of alginates with M:G ratios (Table 1, Sherbrock-Cox, ei ai,
1984), as high as 4.0 (Zeller and Gray, 1992). Polymers containing a high percentage of
gulurotiic acid (low M:G ratio, indicating a large number of polygulurotiic blocks) display
greater strand to strand binding than their high mannuronic acid counterparts.

The

number of Junction zones, created by cationic bridges between the polyguluronic
monomers, dictates both the water holding capacity and the viscosity of the resultant gels.
Low M:G ratio alginates produce a rigid less absorbant gel upon the addition of water.
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Table 1. Mannuronlc to guluronic acid ratios for various alginate sources.
Organism*

Mannuronlc acid to guluronic acid ratio

7293

1.78

CF492a

2.85

0096

3.55

4335

3.17

* Organism refers to listed strains of P. aeruginosa as given by Sherbrock-Cox, et al.,
1984.
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Conversely, polymers with high M:G ratios produce fluffy and absorbent gels (Haug and
Larsen, 1971).
A major structural difference between bacterial and seaweed alginates is that many
of the manniu-onic acid residues of the bacterial polymers are O-acetylated on the C-2 and
C-3 carbons (Narbad, et al., 1990). The degree of acétylation, expressed as acetyl group
per monomer, usually ranges from 0.1 to 1.0 (Skjak-Braek, et a i, 1986).

Nuclear

magnetic resonance (NMR) spectroscopy has shown that most mannuronic acid
monomers are 2-O-mono-acetylated however, a small number are 2,3-di-O-acetylated.
Acetylated gels have greater water-holding capacity and are more viscous due to the
interaction of the acetyl groups with water (Skjak-Braek, et al., 1989).
P. syringae pv. phaseolicola is the causative organism of halo blight in legumes.
Cultures of this organism produce large quantities of an acetylated alginate composed of
82% mannuronic acid and 18% guluronic acid (Ashby, 1994).

This composition

corresponds to an M:G ratio of 4.56. The degree of acétylation is 1.2 (Lee, et ai, 1996).
In batch cultures, P. syringae is reported to produce less than 100 p.g/ml alginate until
stationary phase when levels increase rapidly to 375 ng/ml (Lee and Day, 1995).
B.

Biosynthesis and regulation. Pathways for alginate biosynthesis have been

proposed for both A. vinelandii (Pindar and Burke, 1975) and P. aeruginosa (Zielinski,
1994).

Pseudomonal infections produce alginate in the lungs of susceptible cystic

fibrosis patients, resulting in pulmonary blockage. Because of its role as an etiologic
agent in cystic fibrosis, most research on bacterial alginates has concentrated on polymer
production by the infectious agent, P. aeruginosa.
This bacterium can utilize a variety of different carbon sources to produce alginate.
In P. aeruginosa, glucose is metabolized through the Entner-Doudoroff pathway with
carbon atoms 4,5, and 6 of the glucose ultimately being incorporated into alginate from a
glyceraldehyde 3-phosphate intermediate (Carlson and Matthews, 1966).

A key

precursor of alginate is fructose 6 -phosphate, which is produced in pseudomonads either

10
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directly from glucose 6 -phosphate or by the condensation of glyceraldehyde 3-phosphate
and dihydroxyacetone phosphate. Fructose 6 -phosphate is isomerized to mannose
phosphate by a phosphomannose isomerase (Fig. 4.

Deretic, et a i,

6-

1994).

Phosphomannomutase transfers the C- 6 phosphate of mannose 6 -phosphate to the C-1
position.

This mannose 1-phosphate is then combined with guanosine triphosphate

(GTP) and converted to guanosine diphosphate (GDP) mannose (GDP-mannose) by the
enzyme, GDP-mannose phosphorylase. GDP-mannose is oxidized by a GDP-mannose
dehydrogenase producing GDP-mannuronic acid. Beyond this point, the mechanism of
polymer production is poorly defined. The monomer is believed to be polymerized into a
polymannuronic chain. This chain is secreted by the cell where extracellular (or possibly
membrane bound) epimerases and acetylases continue the polymer maturation (Gaseca
and Russell, 1990).

The proposed mechanism for polymer transfer across the cell

membrane is similar to that for other cell-wall polymers and involves isoprenoid lipid
carriers (Sutherland, 1982).
The epimerases from both A. vinelandii and P. aeruginosa require Ca++ for
activity (Piggott, et a/., 1981). This cation requirement may be a key to the epimerase
mechanism as well as a prominent factor in gelation. The wide variety of bacterial alginate
M:G ratios indicates that different epimerases and/or different enzyme concentrations
may exist, accounting for significant differences in final polymer stmcture (Ott and Day,
1995). The alginate acetylases add acetyl groups only to mannuronic acid. Acétylation
appears to compete with and block epimerization, as acetylated mannuronic acid can not
be epimerized (Deretic, et a l, 1994). The source of the acetyl groups is believed to be
acetyl CoA, and the mechaitism is similar to xanthan gum acétylation (Gaseca and
Russell, 1990).
The biosynthetic pathway proposed for the GDP-mannuronic acid monomer
parallels its structural gene org anization. The genes associated with alginate biosynthesis
and modification have been studied in the greatest detail in P. aeruginosa, which serves

11
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Fructose 6 -phosphate

Phosphomannose isomerase

algA
Mannose 6 -phosphate

Phosphomannomutase

algC

Mannose 1-phosphate
GTP
algA

GDP-mannose pyrophhosphorylase
PPi

GDP-mannose

/

2 NAD
GDP-mannose dehydrogenase

algD
2 NADH
GDP-mannuronic acid
Polymerase
Epimerase
Acetylase

algG
algF
Bacterial alginate

Figure 4. The biosynthesis and associated genes of the bacterial
alginate pathway.
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as the primary model. The order and arrangement of the structural genes of the alginate
biosynthetic cluster in P. syringae pv. syringae are virmally identical to those in P.
aeruginosa (Penaloza-Vazquez, et a l, 1997). Complementation analyses indicated that
Studies of P.

the genes from these bacteria are not functionally interchangeable.

aeruginosa have shown that an algA gene encodes for a single protein which functions as
both the first phosphomannose isomerase and the GDP-mannose phosphorylase in the
third step (Shinabarger, et at., 1991). The phosphomannomutase of the second step is the
product of algC (Zielinski, et al., 1991). The expression of algC shows a ten fold
increase upon over expression of algA, and it has an absolute, but unexplained,
requirement for glucose 1,6-diphosphate (SaCorreia, et a i, 1987).

The algD gene

encodes GDP-mannose dehydrogenase and is consistently transcribed in mucoid strains
(Deretic, et ai, 1987). Transcription in mucoid strains and absence of transcription in
nonmucoid strains led to the assumption that algD is a critical indicator of alginate
production (Deretic, et a i, 1994). This supposition has led to the use of algD expression
as a benchmark for alginate production in regulatory research. Two genes have been
isolated which affect the modification of nascent polymannuronic alginate. The C-5
epimerase is encoded by the algG gene (Chitnis and Ohman, 1993). Acétylation of the
mannuronic acid monomers is the function of the gene product of the algF gene
(Franklin and Ohman, 1993).

AlgF is not required for alginate production, but

acétylation will not occur if it is absent. Two additional genes, algl and algj, have been
identified as being required for acétylation (Franklin and Ohman, 1996). Other genes
have been identified as necessary for alginate production. The algX gene encodes for a 53
kDa polypeptide, whose function is unknown (Monday and Schiller, 1996). Though no
relationship has been established, AlgX and AlgJ are 30% identical (69% overall
similarity). The algL gene, which encodes for alginate lyase has also been identified as a
necessary component for alginate synthesis. Study of the algL gene in P. aeruginosa has
revealed two levels of expression (Schiller, et aL, 1993). When algL was inserted in an
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opposite orientation into its location in the alginate biosynthetic cluster, a weak level of
expression was still observed. This activity led to the postulation that algL may have a
separate weak internal promoter. The algE gene product may be an outer membrane
protein and has been proposed as part of the polymer translocation mechanism (Grabert,
et al. 1990). A mutation in either of two other genes, alg-8 and alg-44, causes a loss of
mucoidy (Maharaj, et al., 1993). Their gene products have been suggested to have a role
in the polymerization process. Almost all of the genes associated with biosynthesis and
modification are located at 34 minutes on the P. aeruginosa gene map (Govan and
Deretic, 1996). The only exception is algC which is located at 10 minutes.
While environmental stimuli for alginate production have not been completely
elucidated, much of the regulatory system has been identified (Fig. 5).

AlgU is an

alternative sigma factor required for the initiation of algD transcription. AlgU shows
similarity to the alternative sigma factor RpoE of Escherichia coli and Salmonella
typhimurium (Deretic, et al., 1994; Martin, et al., 1994) and is negatively regulated by
MucA and MucB (Martin, et a i, 1993). Two other gene products, MucD and AlgW,
also appear to negatively regulate algU (Boucher, et a i, 1996). MucC, located within this
same gene cluster, may also regulate algU. The algU and muc genes are located at 67.5
minutes on the P. aeruginosa map (Govan and Deretic, 1996), while the algV/ gene is
located at 69 minutes. The algU gene is transcribed from five different promoters. Pi
through P5 . Two promoters, P% and P 3 , are dependent on AlgU for transcription. AlgU
is responsible for the up-regulation of both algR and algB . AlgR and AlgB appear to be
independent of each other after that point. AlgR belongs to the superfamily of twocomponent signal transduction systems (Parkinson, 1993) and has a direct role in the
expression of algD and algC. AlgZ is believed to be the putative cognate sensor for
AlgR, although exactly how it effects AlgR is not known (Govan, 1996). AlgB, which is
required for algD expression, is similar to NtrC-type factors (Wozitiak and Ohman,
1991). It has been associated with the up-regulation of alginate biosynthesis in very
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mucoid cultures. AlgK has been suggested as the cognate kinase associated with AlgB
(Ma and Ohman, 1996). Other regulatory genes, algP and algQ, have an association
with alginate biosynthesis, but their exact functions are still being defined. Some work
with algQ indicates a connection with succinyl CoA synthetase in the tricarboxylic acid
cycle (Schlictman, etaL, 1994).
n . Alginate lyase
Many organisms, including marine gastropods, bacteriophage, and various
bacteria, produce an alginate lyase (EC 4.2.2.3) which cleaves alginate (Table 2,
Sutherland, 1995). The enzyme is produced by bacteria which may or may not produce
alginate.

The physiological role of the lyase varies depending upon the organism.

Bacteriophage which infect A. vinelandii produce an alginate lyase to assist the infection
process (Davidson, et al., 1977). Staphylococcus aureus may utilize an alginate lyase to
inhibit P. aeruginosa growth in mixed cultures (Shibl and Al-Sowaygh, 1980). Bacillus
circulans and two marine pseudomonads are reported to use an alginate lyase to degrade
alginate for a carbon source (Hansen, et a i, 1984; Kashiwabara, et a i, 1969; Yonemoto,
et a i, 1991). Alginate lyase has been isolated in certain alginate producing Azotobacter
and Pseudomonas species. These bacteria do not appear to metabolize the polymer, and
the exact role of the enzyme is not completely understood. The production of alginate
lyase parallels alginate synthesis in P. aeruginosa (Linker and Evans, 1984; Nguyen and
Schiller, 1989). This parallel presence supports the finding that AlgL has a role in
alginate biosynthesis (Monday and Schiller, 1996). Boyd, et al. have suggested that AlgL
cleaves the alginate as it leaves the cell, controlling the length of the polymer, its release
from the cell, and the properties of the alginate biofilm (Boyd, et a i, 1993). Alginate
lyase may play a role in the release of the cell from the entrapping alginate. Such release
could enhance the pathogenicity of certain pseudomonal infections by allowing
dissemination of parent or daughter cells. Boyd and Chakrabarty have shown enhanced
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'liable 2. Sources and characteristics of alginate lyases.
Source
Azotohacter Vhwltindii
Az.otohdi'ter Vincltindii phage
Az.olohacter chroacoccum
Bacillus circulans 1351
Bacillus circulans JBH2
Bencckea pelafjia
Klebsiella aerof>enes type 25
Pseudom onas aeruginosa
Pseudomonas aeruginosa
Pseudom onas aeruf^inosa
Pseudomonas al}>ino\’ora
Pseudom onas sp.
Pseudom onas sp.
Pseudom onas sp. OS-ALCî-9
Pseudomonas mahophilia
Vibrio barveyi AL 128
Vibrio alf>inolyticus ATC'C 17749
Marine pseiiclomonacl
Marine bacterium

Molecular
Weight (kDa)
30-35
34
40
28
40.89
43
28

46.36
57
47
50
42

Location
Periplasm
i’hage and Lysate
I’eriplasm
Extracellular
Extracellular
Extracellular
Extracellular
Periplasm
Periplasm
Periplasm
Extracellular
Intracellulai
Intracellular
Intracellular
Intracellular
Extracellular
Extracellular
Extracellular
Extracellular

S|K’cilicitv '
MM
MM
MM
Both
MM

C

■CDD
(/)
(/)

•^Spccificiiy icl'crs lo the monomer combinalion.s where aclivily is grealest.

Both
MM
M-M
(;-(i
(i-(i
(;-(!
M-M
M-M
(i-(i
M-M
(i-O
(J-O

Re le re nee
Kennedy, (7 o/., 1992
Davidson, el (d., 1977
Kennedy, et (d., 1992
Larsen, ct o/., 1993
Hansen, <7 al., 1984
Sutherland, 1994
Boyd and Turvey, 1978
Boyd, (7 ()/., 1993
Eltekhar and Schiller, 1994
Linker and Evans, 1984
Boyen, <7 al., 1990
Mateos, el a i, 1992
Mateos, ct <d., 1992
Maki, el a i , 1993
Sutherlanil, 1994
Kitamikado, el a i , 1992
Kitamikado, et a i, 1992
Davidson, et (d., 1976
I'akcshita, cl a i , 1993

expression of algL leads to increased release of cells from highly mucoid colonies on
agar surfaces (Boyd and Chakrabarty. 1994).
The alginate lyases from P. aeruginosa, Klebsiella pneumoniae. Pseudomonas
OS-ALG-9, and a marine bacterium (ATCC 433367) which is an epiphyte of Sargassum
fluitans, have been cloned and sequenced (Baron, et a i, 1994; Brown, et a i, 1991; Maki,
et a i, 1993; Schiller, et a i, 1993) (Table 3). A comparison of the amino acid sequences
of alginae lyases, by CLUSTALV multiple alignment analysis (Akrigg, et a i, 1992),
showed no similarity. However, pairwise alignments indicated that at least two classes of
enzyme may exist, with P. aeruginosa and Pseudomonas OS-ALG-9 in one group and
K. pneumoniae and the marine bacterium in a different group (Baron, et al., 1992). The
marine bacterium was difficult to categorize as it produced two alginate lyases, each with
distinctly different N-terminal regions (Malissard, et a i, 1993).

N-terminal sequence

analysis showed some similarity between pseudomonal alginate lyases (Table 4).
A.

Mechanism and specificity. Alginate lyases utilize a P-eliminase mechanism

to cleave their substrate (Fig. 6 , Sutherland. 1995; 0stgaard, 1992; Jandik, et a i, 1994).
The enzyme cleaves the bond between the nonreducing end C4 carbon and the oxygen
linking the monomers, producing a 4-deoxy-5-keto-uronic acid on the nonreducing end.
The end product is not a single 4-deoxy-5-keto-uronic acid monosaccharide, but rather
oligosaccharides, including dimers, trimers, tetramers, and pentamers (Preiss and
Ashwell, 1961; Linker and Evans, 1984). Alginate lyases may be endo- or exoenzymes
depending on their source.
Alginate lyases can be divided into two broad categories, those which cleave
manniu'onic-maimuronic (M-M) bonds and those which cleave guluronic-guluronic (GG) bonds (Haugen, et a l, 1990). These categories do not coincide with those identified
by amino acid sequence analysis (Baron, et al., 1994).

The M-M and G-G bonds

represent only two of the possible four sequence combinations that can occur in
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Table 3. The amino acid sequence of alginate lyase from Pseudomonas aeruginosa.
Sequence is based upon DNA sequencing*.
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Boyd, et. a i, 1993
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Figure 6. The cleavage of a polysaccharide by a lyase mechanism.
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alginates. Mannuronic-guiuronic (M-G) and guluronic-mannuronic (G-M) linkages are
also possible. No enzymes which preferentially cleave either M-G or G-M have been
identified.

NMR analyses of the reducing and notireducing ends of lyase cleaved

alginates indicate that the enzyme specificity can not be simply divided into two substrate
categories.

The alginate lyase from a Haliotis sp., a M-M lyase, demonstrated a

preference for M-M linkages, but also cleaved G-M at a lower rate. This enzyme was
believed to cleave M-G and possibly G-G at an even lower rate (Haugen, et ai, 1990).
Isocratic anion exchange chromatography of the products cleaved by a Haliotis
tuberculata enzyme, a M-M lyase, indicated that this enzyme cleaved M-M and G-M
linkages, but did not cleave M-G or G-G linkages (Heyraud, et a i, 1996). In the same
study, an alginate lyase produced by Klebsiella aerogenes, a G-G lyase, preferentially
cleaved G-G linkages, but also cleaved G-M at a lower rate. The Klebsiella enzyme does
not appear to cleave M-G or M-M linkages.
Both Haliotis and Klebsiella alginate lyases appear to obey Michaelis-Menton
kinetics. However, the use of Michaelis-Menton kinetic assumptions to determine Km
and Vmax for alginate lyases has been questioned (0stgaard, et aL, 1992). The potential
for multiple activity rates in a three or four substrate system (M-M, M-G, G-M, G-G)
creates new variables which may invalidate the Michaelis-Menton assumptions.
Research on alginate lyase enzymology is complicated as pure polyguluronic acid is not
available. Pure polymannuronic acid is produced in small amounts by P. aeruginosa
algG~ mutants (Chintis and Ohman, 1990).

The complexity of alginate lyase

enzymology is demonstrated as some of these enzymes are inhibited by substrate
acétylation (Sutherland and Keen, 1981; Linker and Evans, 1984), The enzyme from
Haliotis appears to be inhibited by high M-G reaction end products (0stgaard and Larsen,
1993),
Environmental conditions dramatically affect the functioning of many of the
alginate lyases. Some lyases appear to be dependent on cations (usually Ca"*^ or NaCl)
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or 'high salts' for activit>' (Larsen, et al.. 1993: Kitamikado. et al.. 1992; Linker and
Evans, 1984). A wide range of pH activity optima has been reported for bacterial alginate
lyases, varying from pH 6.2 to 9.0 (Table 5). Molecular weights of alginate lyases vary
dependent upon the source. .A molecular weight high of 110 kDa has been documented
in Alginovibrio aquatilis (Stevens and Levin, 1977) to a low of 28 kDa in Klebsiella
aerogenes type 25 (Boyd and Turvey, 1978) and Pseudomonas alginovora (Boyen. et
al., 1990).
B.

Enzyme assays. Several different assay methods have been used to measure

alginate lyase activity .

The simplest method for enzyme activity determination is

monitoring decreases in viscosity of alginate solutions (Muramatsu and Sogi, 1990). The
alginate solution is viscous, in part, due to the long polymeric chains. Cleavage of the
polymer decreases the viscosity and can be measured as a function of enzyme activity.
The non-Newtonian nature of alginate solutions and intermolecular interactions does not
allow decreases in viscosity to be used in a quantitative manner.
Another

common

technique

is

the

measurement

of

D-gluco-4-

enepyranosyluronic acid formation using the periodate-thiobarbituric acid (TEA) assay
developed by Weissbach and Hurwitz (Weissbach and Hurwitz, 1959; Koseki, et al..
1978). This test is widely accepted as an assay for alginate lyase (Schiller, et al., 1993;
Malissard, et al., 1995) and allows spectrophotometric detection of P-formylpyruvic acid
which is produced by periodate oxidation. However, the assay can not be measured
continuously, so activity rates are assumed from a single point measured at a given
elapsed time.
Increases in sample absorbance between 230 to 240 nm directly reflect
unsaturated bond formation between C4 and C5 on the nonreducing end of the cleaved
polymer (Linker, et al., 1956; 0stgaard, 1992). Measurements of enzyme activity by this
method offer the advantage of continuous monitoring and are used in most kinetic data
estimations (Haugen, et al., 1990; 0stgaard, et al., 1992).

23

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

Table 5. Optimal pH of various alginate lyases.
Source

Optimal pH

Reference

Pseudomonas aeruginosa

6 .2

Linker and Evans, 1984

Pseudomonas alginovora

7.5

Boyen, et a i, 1990

Marine bacterium

7.5

Muramatsu and Sogi, 1990

Azotobacter vinelandii phage

7.7

Davidson, etal., 1977

Vibrio Harveyi AL128

7.8

Kitamikado, et al., 1992

Vibrio alginolyticus ATCC 17749

8 .2

Kitamikado, et a i, 1992

Marine bacterium

8.5

Takeshi ta, etal., 1993

Pseudomonas aeruginosa

9.0

Eftekhar and Schiller, 1994

Turbo comutus

9.2

Muramatsu, etal., 1977
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m . Bacterial adhesion and immobilization
Bacterial adhesion refers to the attachment of ceils to solid surfaces. The duration
of attachment can vary as both irreversible and reversible, or transient, adhesion have
been observed (Marshall, et al.. 1971; Fletcher, 1977). Adhesion of a cell to a solid
surface may occur by different mechanisms. "Active" adhesion refers to cell mediated
mechanisms, such as the use of flagella or cell exudates, which promote the initial
adhesion (Pethica, 1980). "Passive” adhesion refers to adhesion without physiological
influence (Marshall, 1985). Adhesion is used to refer to both initial adhesion and the
continued attachment of cells to solid surfaces. For clarity, continued attachment to a
solid surface will be referred to as immobilization.
A.

Nonspecific surface adhesion.

Bacterial adhesion to solid surfaces in

aqueous environments depends upon surface and cellular characteristics (Fletcher, 1996).
Attractive and repulsive physical forces influence attachment as a cell approaches the
surface (Busscher, et al., 1990). At distances greater than 50 nm, van der Waals forces,
which are usually attractive, weakly affect both the cell and the surface regardless of their
composition. As the separation distance closes to between 2 and 50 nm, electrostatic
forces dominate the interactions. If surface charges are opposing, the electrostatic charges
will attract the cell to the surface. However, most natural surfaces are negatively charged
and repel normally negatively charged cells. As the ionic strength of the media increases,
this electrostatic effect decreases. As cells approach surfaces (0.5 to 2.0 nm), attachment
may be inhibited by absorbed water molecules. The energy required to remove these
water molecules can make adhesion energetically unfavorable. If either the cell or solid
surface has sufficient numbers of nonpolar groups, hydrophobic interactions can help
displace bound water, enhancing the probability of cell adhesion (Pringle and Fletcher,
1983; Rosenberg and Kjelleberg, 1986).

At distances of less than 1 nm, specific

interactions such as hydrogen bonding, cationic bridges, and receptor-ligand association
promote adhesion.
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The actual effect of each attractive and repulsive force on bacterial adhesion is
difficult to measure. Two theories for bacterial adhesion have been proposed to account
for actual interactions. The DVLO theory [an acronym for the researchers Deijaguin and
Landau (Deijaguin and Landau, 1941) and Verwey and Overbeck (Verwey and
Overbeck, 1948)], is based on the total interactive potential. This total interactive potential
is composed of two components, the repulsive electrostatic potential, V r (Gannon, et a i,
1991), and the fluctuating dipole-induced dipole or electrodynamic potential,

(Weber,

et al., 1991). The DVLO theory assumes the approach of two spheres in a low ionic
molality solution (<0.01 molal). For bacteria which are electrostatically repelled by the
surface. Brownian movement, convection, or motility can overcome the electrostatic
barrier. As the distance decreases to less than 1 nm, specific interactions will complete
the adhesion. This theory proposes two distances at which a net attractive force occurs.
The first distance, or "secondary minimum," occurs as van der Waals forces weakly
hold the cell, though shear forces can easily remove them.

The second distance of

attraction, or "primary minimum," occurs after the electrostatic forces have been
overcome. At this distance, adhesion is considered almost a certainty. The concept of
two minima could help explain transient adhesion. Increases in ionic strength alter this
simple picture by decreasing
Logan, 1995).

V r ,

thus increasing adhesion (Mills, et a i, 1993; Gross and

An alternative theory is the thermodynamic model in which the

attachment is considered to be a spontaneous change accompanied by a decrease in fiee
energy. For a bacterium attaching to a solid surface, the change in fiee energy is equal to
the interfacial tension of the bacteriiun-solid surface less the sum of the interfacial
tensions of the solid-liquid and the bacterium-liquid interfaces (Murray and Parks, 1980).
Experimental estimates of the fiee energy levels are determined indirectly by measuring
the contact angles of liquids on cells and test surfaces (Fletcher and Marshall, 1982; van
der Mei, et a l, 1991). As with the DVLO theory, the thermodynamic theory does not
accurately predict all adhesion situations. Most of the differences are believed to be a
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result of the complexity of the bacterial surface. Changes in cell surfaces resulting from
adhesion or growth, variations in surface polymer composition, and exopolysaccharide
production can change the free energy of the cell. These changes prevent the use of a one
time free energy estimation as a perfect indicator of cell adhesion.
Surface characteristics directly effect bacterial adhesion.

The degree of

hydrophobicity has been found to effect rate of adhesion as well as strength of binding
(Sjollema, e ta i, 1990; Rijnaarts, e ta i, 1993). The effect of hydrophobicity on adhesion
varies with the particular bacterium (Williams and Fletcher, 1996).

In general,

hydrophobic surfaces promote adhesion and hydrophilic surfaces obstruct adhesion.
Hydrogels, and other highly hydrated surfaces, show strong resistance to bacterial
adhesion (Pringle and Fletcher, 1986).

The aversion of bacteria to hydrophilic surfaces

does not prevent bacteria from attaching to these surfaces. Glass, which is hydrophilic, is
widely used for adhesion studies. The mechanism of attachment appears to change
depending on the degree of surface hydrophobicity (Wiencek, 1995). On hydrophobic
surfaces, cells attach in random orientations without any flipping or rotational
movements, which could be explained if the cell membrane attached directly to the
surface. On hydrophilic surfaces, cells attach in an orientation in line with media flow
and continued to flip and rotate. These actions lead to the belief that cells first attach to
hydrophilic surfaces by their flagella and later by the cell body.
Cell surface characteristics affect both adhesion rates and stability of adherence.
Polymers with affinity for water or those which may cause steric effects obstruct
adhesion (Pringle, et a l, 1983; Robb, 1984).

In Gram negative bacteria, the

polysaccharide (O-antigen) component of the lipopolysaccharide is believed to block
adhesion. "Rough cells" with shortened lipopolysaccharide components show increased
cell hydrophobicity and greater adhesion to hydrophobic surfaces (Williams and Fletcher,
1996). Proteins in the envelope also may be required for initial adhesion of some
organisms (Paul and Jeffrey, 1985). The presence of a functional flagella has been
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shown to be critical in adhesion of Vibrio parahaemolyticus and Pseudomonas
fluorescens (Lawrence, et a i, 1992; Korber, etal., 1989; De Flaun, et a i, 1994). The
function of proteins as adhesins in specific protein-ligand interactions is well established
(Prince, 1996), although the role of proteins in nonspecific interactions is not defined.
Exopolysaccharides also influence the duration of cell attachment by enhancing cell
immobilization to surfaces (Costerton, et al., 1985). The effect of exopolysaccharide on
the initial adhesion is not fully understood. Alginate from river isolates of P. fluorescens
inhibited adhesion (Pringle, et al., 1983), while other alginate producing organisms, such
as P. aeruginosa, show increased adhesion due to alginate (Ramphal, et a i, 1987). The
insertion of pBPWl, a plasmid isolated from Pseudomonas syringae pv. tabaci, into
Pseudomonas syringae pv. atropurpurea increased flocculation, the cell surface charge,
and cell surface protein concentration, while the carbohydrate levels at the cell surface
decreased (Morisaki, 1992).

These changes simultaneously caused an increase in

adhesion rates.
Cell adhesion is also controlled by many parameters other than hydrophobicity,
cell free energy, or surface charge (Rosenberg, 1980; Busscher, et al., 1984; Gannon, et
al., 1991). Stage of growth, culture concentration, and temperature have been shown to
influence the rate of adhesion, though the exact mechanisms are not established (Fletcher,
1977). Nutritional levels have been documented to affect both the composition of the
exopolysaccharide and the rate of adhesion in Pseudomonas species (Wrangstadh, et al.,
1990; MoUer, et al., 1997).
B.

Cell immobilization. Adhesion is further complicated by the physiological

changes that occur after the bacteria has attached. Vibrio parahaemolyticus is polarly
flagellated when free swimming; however, upon attachment, the cell becomes laterally
flagellated (Belas, e/a/., 1986). Smdies of bacteria have shown that adhesion will initiate
additional gene expression (Dagostino, et al., 1991), changes in morphology (Dalton, et
al., 1994), and synthesis of various macromolecules (Brozel, et al., 1995).
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In the

presence of a surface, many bacteria produce exopolysaccharides, creating biofilms that
enhance immobilization (Costerton, et al., 1985; Ramphal and Pier, 1985; Mai, et a i,
1993; McEldowney and Fletcher, 1986). The addition of sand as an adhesion matrix to
free cultures of ground water organisms induced exopolysaccharide production
(Vandevivere and Kirchman, 1993). When these bacteria were reinstated in sand free
media, their exopolysaccharide levels returned to their previous level.
C.

BioHlm architecture and cellular effects. In environments which are not

nutritionally depleted, bacterial numbers in biofilms are higher than their planktonic
counterparts (Geesey, et a i, 1978; Boivin and Costerton, 1991; Costerton, et al., 1994).
The structure, or architecture, of biofilms is heterogeneous with clusters of cells and
exopolysaccharides creating void spaces which act as water channels (Stewart, et a i,
1993; Wolfaardt, et a i, 1994). This heterogeneity is greater in mixed culture biofilms.
Confocal scanning laser microscopy (CSLM) of biofilms using fluorescent probes have
shown that cell densities near the attachment surfaces vary with the bacterial species
(Lawrence, etal., 1991).
When the topography of biofilms were analyzed, the depth varied dramatically.
P. aeruginosa biofilms showed an average depth of 33 pm, with a range from 13.3 to 60
pm (Stewart, etal., 1993). CSLM analysis of methyl-degrading microbial consortiums
linked the biofilm depth with the carbon source (Wolfaardt et al., 1994).

Biofilms

grown on aromatic hydrocarbons were thicker and had increased heterogeneity compared
to biofilms grown on labile carbon sources.

This heterogeneity was manifested by

increased clustering of cocci and the formation of conical bacterial microcolonies. P.
aeruginosa biofilms in mixed cultures with anaerobic bacteria increased in average depth
by 35 to 130 pm, implying a change in architecture resulting from limited oxygen
(Costerton, et al., 1995).
The structure of biofilms will allow water and nutrient flow, though
microenvirorunents are evident, causing variations in pH, oxygen levels, and nutrient
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levels both vertically and horizontally (Costerton. et a i, 1995). Microzones, especially in
mixed cultures, allows a variety of complex actions including the growth of corrosioncausing anaerobic bacteria, synergistic growth of methanogens, and fermentation
reactions in otherwise aerobic environments.
Exopolysaccharide biofilms form barriers against ceU inactivation by disinfectants
and antibiotics. Klebsiella pneumoniae, immobilized on activated carbon, produces a
biofilm which provides a 3.000 fold increase in protection against chlorine (LeChevaUier.
et al., 1988). Antibiotics are generally less effective on cultures in bioftims than on
planktonic cells (Reid, e ta i, 1993). P. aeruginosa biofilms treated with 1,000 pg/ml
tobramycin still contained viable cells after

12

hours, while planktonic cells treated with

50 jig/ml tobramycin were killed completely (Nickel and Costerton, 1992).

Cells

immobilized in biofilms were more likely to develop resistance to chlorine than
planktonic cells (Tracy, et a i, 1966; Hejkal. et a i, 1979; Herson, et a i, 1987). lodination
also has been shown to lose effectiveness over time on biofilm forming cultures of P.
aeruginosa and Burkholderia cepacia (Pyle and Me Peters, 1990; Koenig, et a i, 1995).
In practice, the protective nature of biofilms complicate the treatment of medical
infections and industrial contamination.
D.

Measurement of cell adhesion. Bacterial adhesion has been measured using

a variety of techniques. Early adhesion assessments were achieved by rinsing away loose
cells, fixing with Bouin's fixative or 10 mM-cetylpyridinium, and then staining the
remaining cells with ammonium oxalate crystal violet or congo red-carbol fuchsin.
Stained cells were counted under a microscope (Fletcher, 1977; Allison, 1987). Real time
enumeration of bacteria has been made possible with the advent of computer enhanced
parallel plate two-dimensional analysis (Caldwell, et a i, 1993; Sjollema, et a i, 1989;
Caldwell and Lawrence, 1986). This technique utilizes a flow cell composed of two glass
plates, often microscope slides or cover slips, which sandwich other materials, such as
silicone, creating a chamber through which cell cultures can flow. The image of the cells
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which adhere to the glass slide are collected through a microscope camera and relayed to
an image processor. The image processor digitizes the image, and prepares the picture
for computer analysis. A grabber card acquires the image, and the digitized imaged can
be analyzed for a variety of characteristics including cell number, average cell area, cell
morphology, motility, and cellular interaction. The image is composed of pixels and
translates directly onto a two dimensional screen. The two-dimensional system is limited
by its focus in a single plane. Thus, complex analysis may require the use of separate
microecosystems that manipulate cell cultures (Korber, 1994; Caldwell, et ai, 1993).
The technical limitations of two-dimensional analysis has been compensated by using
three-dimensional systems, such as scaiming cotifocal laser microscopes (Lawrence, et
al., 1991; Moller, et ai, 1997).

This system has distinct advantages over two-

dimensional analysis of biofilm architecture.

However, the image is composed of

biovolumes and is not easily visualized on a two-dimensional screen.

Another

disadvantage of three-dimensional systems is a lack of analytical software which can
determine cell size, morphology, and the number of objects within a biovolume.
While these and other methods of adhesion analysis are available, this research
has focused on techniques involving two dimensional analysis. As computer software
advancements and real time observation methods are developed, usage of threedimensional analysis should increase,
rv. Goals of this study
This study was designed to investigate alginate lyase and its role in the release of
P. syringae pv. phaseolicola from entrapping biofilms. The presence of extracellular
alginate lyase activity throughout growth was determined, and the factors which may
initiate enzyme release were investigated. Using the information on extracellular presence
and the initiation of release, the effects of the enzyme(s) on the alginate biofilm and
characteristics of the released cells were evaluated in a controlled micro-envirorunent.
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This information was used to develop a model for the action of the enzyme(s) on existing
biofilms.
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MATERIALS AND METHODS

I. Organism s and Maintenance
Pseudomonas syringae pv. phaseolicola (ATCC 19304) and Pseudomonas
aeruginosa (ATCC 19142) were obtained from the American Type Culture Collection
(ATCC, Rockville, MD). Pseudomonas syringae pv. phaseolicola (ATCC 19304) was
maintained on Pseudomonas P agar (Difco, Detroit, MI) slants at 30°C and transferred
monthly. Pseudomonas aeruginosa (ATCC 19142) was maintained on Pseudomonas P
agar (Difco, Detroit, MI) slants at 35°C and transferred monthly,
n . Standard Analytical Procedures
A. Cell mass determination. Cell mass was determined by removing 10 ml
samples from batch cultures, centrifuging the sample at 10,0(X) x g for 10 minutes, and
washing the cells twice with 10 ml aliquots of deionized water. The cells were dried at
90°C to a constant weight

CeU mass in continuous cultures displayed a linear

relationship with absorbance, resulting in the foUowing equation for ceU mass:
cell mass (mg/ml) = -0.3275 + 1.25 * (Absorbance at 660 nm).
B. Cell density determination.

CeU density was determined by measuring

culture absorbance at 660 nm. Samples with absorbance greater than 0.3 at 660 nm were
corrected using the method of Toennies and GaUant (Toennies and GaUant, 1949). The
absorbance of the ceU culture and dilutions in deionized v/ater were measured using a
Gilford Response H spectrophotometer (Ciba Coming Diagnostics, Oberlin, OH).
C. Spectrophotometric enzyme analysis. In a 1.5 ml quartz cuvette, 0.25 ml of
the cmde enzyme solution was rapidly mixed with 0.75 ml of 0.1% seaweed alginate
from Macrocystis pyrifera, medium viscosity (Sigma, St. Louis, MO) in 0.05 M tris
(hydroxymethyl) aminomethane buffer (Tris-HCl), adjusted to pH 8.0 with 1 N HCl).
The absorbance change at 232 nm was monitored at 30 second intervals for one hour
using a Gilford Response II spectrophotometer (Ciba Coming Diagnostics, Oberlin,
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OH). The rate of initial increase in absorbance at 232 nm was used as a measure of
enzymatic activity. One unit of activity is defined as a change in absorbance at 232 nm of
1 .0

per minute under the above assay conditions.
D. Viscosity decrease analysis. Changes in viscosity were determined using a

U-shaped Ostwald capillary viscometer designed for small volumes (Allison and
Matthews, 1992) held at 30°C. One ml crude enzyme extract was added to three ml of
0.1% alginate, vortexed for 5 seconds, and added to the viscometer. Measurements were
taken every 15 minutes. The time taken for a sample to fall a fixed distance under gravity
(Vj ) was compared to the time necessary for water to fall the same distance (Vwater)- The
initial time difference (Vj-Vwater) represented the additional viscosity resulting from the
alginate. The measurement of the time necessary to fall the fixed distance after a given
reaction time (VJ allowed the calculation of the percent decrease in time, which reflected
the percent viscosity decrease:
Viscosity decrease (%) = rVi-Vt)*100/(Vi-Vwater)E. Ammonium analysis. Ammonium nitrogen was measured using Nessler's
reagent (Sigma, St. Louis, MO). To test for nitrogen concentration, 1 ml samples were
removed from batch cultures and centrifuged at 10,000 x g for 2 minutes. A mixture of
0.2 ml of the supernatant, 0.7 ml deionized water, and 0.1 ml Nessler's reagent were
mixed in a 1.5 ml cuvette, allowed to sit one minute and tested for absorbance at 420 nm.
The concentrations were determined from a standard curve prepared from known
concentrations of (NH4 )2 S0 4 , where:
(NH4 )2 S0 4 (g/L) = 0.2288 (Absorbance at 420 nm) - 0.0763.
m . Growth Conditions
A.

One liter. Alginate lyase was produced in batch cultures using a BioFlo U

fermentor (New Brunswick Scientific, Edison, NJ). Aeration was 0.3 L/min. Operating
temperature was 30°C. All cultures were grown on nutrient broth

(8

g/L) (Difco, Detroit

MI). Inocula for the cultures were from 250 ml Erlenmeyer flasks containing 100 ml
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nutrient broth cultures which had been inoculated from slants. Growth conditions were
30°C and 200 rpm agitation.

Inocula (5 ml) were taken from these cultures when

absorbance at 660 nm exceeded 3.0, but culture age was less than 72 hours.
B. Twenty liter. All purification studies and physical characterization, except for
Km determination, were performed using enzyme harvested and concentrated from
cultures grown in a Microferm 20 L fermentor (New Brunswick Scientific, Edison, NJ).
The growth media contained of 12 g/L glutamate and 0.24 mM FeiSO^ supplements in
simple salts based on a Dworkin Foster (DF) media consisting of: 6.0 g/L NaiHPO^, 4.0
g/L KH2 PO4 , 2.0 g/L (NH4 )2 S0 4 , 0.4 g/L NaCl, and 0.2 g/L MgS0 4 «7 H2 0 (Dworkin
and Foster, 1958) at pH 7.0. Fe2 S0 4 was autoclaved separately and added after cooling.
Aeration was 20 L/min, and temperature was 30°C. Agitation was 200 rpm. Inocula for
the 20 L cultures were 500 ml cultures grown in identical concentrations of glutamate in
DF salt media, prepared in 1000 ml Erlenmeyer flasks. Inocula for the 500 ml cultures
were 50 ml cultures grown in the same media in 100 ml Erlenmeyer flasks. Both the
500 ml and 50 ml inocula were grown at 30°C and 2(X) rpm agitation and transferred
upon reaching an absorbance of 3.0 at 660 nm. The inocula for the 50 ml cultures came
directly from slants. Fermentations were harvested when absorbances reached 1.2 to 1.5
at 660 nm.
C. Km determination. For Km determination, cultures were grown in 12 g/L
glutamate and 0.24 mM Fe2 S0 4 with DF salts (pH 7.0). The enzyme was harvested
from 250 ml batch cultures grown in a 500 ml Erlenmeyer flask at 30°C and 200 rpm
agitation. Activity as a function of substrate concentration was determined and plotted
according to the method of Line weaver Burk.
D. Continuous cultures.

Continuous cultures were grown in a BioFlo

continuous culture apparatus (New Brunswick Scientific, Edison, NJ). Aeration was 0.3
L/min. Operating temperature was 30°C. Cultures were generally grown on nutrient
broth

(8

g/L) media (pH

6 .8 ),

except for a series of comparison cultures which were
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grown 20 g/L glucose, 0.0029 mM FeiSO^, and the DF simple salts (pH 7.0). Inocula
for the continuous cultures were prepared in

100

ml nutrient broth cultures, inoculated

from the slants and grown in 250 ml Erlenmeyer flasks. Growth conditions were 30°C
and 200 rpm agitation. Inocula (5 ml) were taken from these cultures when absorbance at
660 tun exceeded 3.0, but culture age was less than 72 hours. Growth within the BioFlo
unit was allowed to proceed to late growth phase (absorbance between 2.0 and 3.0 at 660
nm) before dilution began.
E.

Media optimization. Batch preparations for media optimization were grown

as 250 ml cultures in 500 ml Erlenmeyer flasks. Agitation rate was 200 rpm. Growth
temperature was 30°C.

Inocula were prepared in 100 ml nutrient broth cultures,

inoculated from slants and grown in 250 ml Erlenmeyer flasks. Inocula ( 1 ml) were
taken from these cultures when absorbance at 660 nm exceeded 3.0, but culture age was
less than 72 hours. The media used to analyze various glutamate concentrations was
composed of DF simple salts with 0.003 mM Fe2 S0 4 . A media with the DF simple
salts and 1.25 g/L glutamate as the sole carbon source was used for analysis of the effect
of various iron levels, as Fe2 S0 4 .

For all experiments, glucose and Fc2 S0 4 were

autoclaved separately and added after cooling,
rv. Batch Culture Enzyme Activity Analysis
A. Extracellular enzyme activity. Samples

(1

ml) were removed from cultures

and centrifuged at 10,000 x g for 2 minutes. The supernatant was used as the source of
extracellular alginate lyase(s).
B. Half life determination. Half life of the extracellular enzyme extract was
determined by comparing the activity of three separate samples over time at room
temperature. Two samples were prepared by taking

1

ml aliquots from batch cultures in

log growth phase (absorbance between 1.2 and 1.5 at 660 nm) and centrifuging at 10,000
X

g for 2 minutes. The supernatant was used as the source of extracellular alginate lyase.

The activity was measured at time zero and approximately five hours later (4.75 hours for
36

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

one sample and 5.00 hours for the other sample). A third sample was concentrated from
a 50 ml aliquot from batch cultures in log growth phase (absorbance 1.5 at 660 nm) and
centrifuged at 10.000 x g for 2 minutes. The supernatant was concentrated ten fold
(approximately 5 ml) using a 30,(XX) molecular cut off filter with the Amicon Model 202
molecular filter (Amicon. Lexington, MA), to an activity of 196 milliunits/ml enzyme
extract. The activity of this sample was measured both initially and ten hours later.
Total and cell associated enzyme activity. Total activity was determined by

C.

assay after cell lysis with a French pressure cell. Five ml samples were pressed at 19.000
pounds/inch- pressure. The extract was centrifuged at 10.000 x g for 2 minutes, and the
supernatant was assayed for alginate lyase. Cell associated activity was calculated by
subtracting the extracellular activity from the total activity.
V. Enzyme Characteristics
A. Enzyme inactivation. A five ml sample from a nutrient broth culture was
centrifuged at

1 0 ,0 0 0

x g for

2

minutes, and the supernatant was used as the source of

alginate lyase The crude enzyme was raised to 100°C for 15 minutes in a water bath and
then allowed to cool to room temperature. Activity was determined before and after
boiling by monitoring the change in solution viscosity over time.
Inactivation by sodium dodecyl sulfate (SDS) was determined by mixing 0.65 ml
0.1% seaweed alginate in Tris-HCl (pH 8.0), 0.25 ml enzyme from a nutrient broth
culture, and 0.10 ml of various concentrations of

SDS in a 1.5 ml quartz cuvette.

Activity was measured spectrophotometrically. The SDS concentrations were 0. 0.1,
0 .0 1 , 0 .0 0 1 ,

and 0 .0 0 0 1 % (w/v).

B. Concentration of 20 L cultures. The cultures were concentrated using a
Pellicon tangential flow system with a 10,000 molecular cut off filter (Millipore, Bedford,
MA) to a final volume of approximately 2 L. This concentrate was centrifuged at 10,000
Xg for 5 minutes. The supernatant was passed through a 100,000 molecular cut off filter
using an Amicon Model 202 molecular filter (Amicon, Lexington, MA) to remove cells
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and cell debris. The filtrate was concentrated an additional three fold using a 30.000
molecular cut off filter with the Amicon Model 202 molecular filter, resulting in a 30 fold
overall concentration (approximately 660 ml).
C. Enzyme specificity. Concentrated alginate lyase from the 20 L culture was
tested for its ability to cieave both bacterial alginate (from P. syringae pv. phaseolicola
(ATCC 19304) provided by Dr. Richard Ashby, United States Department of
Agriculture, Philadelphia, PA) and seaweed alginate from Macrocystis pyrifera, medium
viscosity

(Sigma,

St.

Louis,

MO).

Activity was

spectrophotometric assay and by solution viscosity loss.

measured

both

by

the

For measurement of the

enzyme's effect on bacterial and seaweed alginate, the spectrophotometric analysis was
modified by replacing the 0.75 ml 0.1% (w/v) buffered seaweed alginate with 0.75 ml of
varying concentrations of bacterial and seaweed alginate in 0.05 M Tris-HCl (pH 8.0).
The viscosity assay was modified by replacing the 1 ml of 0.1% (w/v) alginate with 1 ml
of varying concentrations of bacterial and seaweed alginate in 0.05 M Tris-HCl (pH 8.0).
The concentrations used for both types of alginates were 1.5, 0.75, 0.38, and 0.19 mg/ml.
Bacterial alginate concentrations above 1.5 mg/ml (0.2% (w/v)) did not properly mix due
to high viscosity.
D. Temperature and pH optima.

Concentrated alginate lyase from 20 L

cultures were used to determine the temperature and pH optima.

The optimum

temperature was determined using the spectrophotometric assay, except the quartz cuvette
was kept in a water bath and removed for measurement every fifteen minutes.

The

optimum pH was determined by the spectrophotometric assay, except the pH of the
buffered 0.1% (w/v) alginate was adjusted to pH 6 .8 , 7.2, 7.6, 8.0, or 8.4 prior to mixing
with the enzyme extract
E. Dialysis of the enzyme. Upon dialysis (1:100) against deionized water, or
deionized water buffered with 0.05 M Tris-HCl (pH 8.0), for four hours, the concentrated
alginate lyase extract lost all activity.
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F. Km determination.

At a culture absorbance of 1.4 at 660 nm, the enzyme

extract was harvested and centrifuged at 10,000 x g for 2 minutes. The supernatant was
used as the source of alginate lyase using the standard spectrophotometrically assay,
except the 0.75 ml 0.1% (w/v) seaweed alginate in buffer was replaced with 0.75 ml of
various concentrations of seaweed alginate in 0.05 M Tris-HCl (pH 8.0).

These

concentrations included 3.0, 1.5, 0.75, 0.38, and 0.19 mg/ml alginate. The results were
plotted as the inverse of activity versus the inverse of alginate concentration. The plot was
linearized using a least squares regression.
G. Protein quantitation. The enzyme extract used for the

determination

was dialyzed (1:100) against deionized water, quantified using a Bio-Rad Protein Assay
(Bio-Rad, Richmond, CA), and compared to known concentrations of bovine serum
albumin (Sigma, St. Louis, MO) at various concentrations. A mixture of 0.8 ml enzyme
sample and 0.2 ml dye reagent were mixed and allowed to stand 5 minutes.

The

absorbance of the mixture was taken at 595 nm using a Gilford Response H
spectrophotometer (Ciba Coming Diagnostics, Oberlin, OH) and compared to the
absorbances of known concentrations. The protein concentration was 2.64 fig/ml.
H. Polyacrylamide gels. Polyacrylamide gels were prepared based upon the
method of Laemmli (Laemmli, 1970). Stock solutions of were prepared as follows:
Acrvlamide/bis - Mix 29.2 g acrylamide with 0.8 g N'N'-bis-methylene-acrylamide and
add deionized water to

100

ml.

1.5 M Tris-HCl (pH 8 .8 ) - Mix 27.23 g tris (hydroxymethyl) aminomethane with 80 ml
deionized water. Adjust pH to 8 . 8 with 1 N HCl. Fill to 150 ml with deionized water.
0.5 M Tris-HCl (pH 6 .8 ) - Mix 6.0 g tris (hydroxymethyl) aminomethane with 60 ml
deionized water. Adjust pH to 6 . 8 with

1

N HCl. Fill to 100 ml with deionized water.

10% SDS - Dissolve 10 g SDS in deionized water and bring total volume up to 100 ml.
Sample buffer - SDS denattiring gel sample buffer was composed of 4.0 ml deionized
water, 1.0 ml 0.5 M Tris-HCl (pH

6 .8 ),

0.80 ml glycerol, 1.6 ml 10% SDS, 2-|3-
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mercaptoethanol, and 0.2 ml 0.05% (w/v) bromophenol blue. Native gel buffer was
composed of 4.0 mi deionized water. 1.0 ml 0.5 M Tris-HCl (pH 6 .8 ), 0.80 ml glycerol,
and 0.2 ml 0.05% (w/v) bromophenol blue.
5X electrode running buffer (pH 8.3) - Mix 9.0 g tris (hydroxymethyl) aminomethane
with 43.2 g glycine and 3.0 g SDS and fill to 600 ml with deionized water. For non
denaturing gels the SDS was not added. To prepared for use, 60 ml of the 5X electrode
running buffer was mixed with 240 ml deionized water for each electrophoretic run.
Gels were prepared by mixing 2.5 ml 1.5 M Tris-HCl (pH

8 .8 )

with deionized

water and acrylamide/bis stock solution in concentrations dependent on the desired gel
density as follows:
Percent gel:

12%

10%

Deionized water

3.35 ml

4.0 ml

Acrylamide/bis

4.0 ml

3.35 ml

7.5%
4.85 ml
2.5 ml

5%
5.7 ml
1.65 ml.

SDS denaturing gels were also mixed with 100 p.1 10% (w/v) SDS. The mixtures were
degassed under a 27 mm Hg vacuum for 15 minutes. After degassing, 50 |il 10% (w/v)
ammonium persulfate and 5 |il TEMED were added to the solution and swirled gently to
mix. The solution was used to cast an

8

cm x 10 cm gel with 0.75 mm spacers and

allowed to solidify over 50 minutes. The gels were inserted into a Bio-Rad mini-2D
electrophoresis system with power supplied by a Bio-Rad 3000xi programmable power
supply. The wells of the gel were flushed with deionized water before adding 5 pi of the
sample.
Further preparation of the concentrated enzyme extract for electrophoresis varied,
though all samples were dialyzed using 6-8000 MW dialysis tubing (Spectrum, Los
Angeles, CA) against either deionized water or deionized water with 0.05 M Tris-HCl
(pH 8.0 or pH 6 .8 ). Some samples were further concentrated, while in the dialysis tubing
using Aquacide (Calbiochem, LaJoUa, CA) or sucrose. After concentration to volumes
1 /1 0 0

to

1 /2 0 0

of the original culture concentration, these samples were blended with
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sample buffer (3:1, buffer to sample). Other samples were concentrated after dialysis by
lyophilizaiion (initially 50 ml of the concentrated enzyme) and then reconstituting with 0.5
ml sample buffer.

This concentrate was dialyzed against either deionized water or

deionized water with 0.05 M tris (hydroxymethyl) aminomethane buffer (pH 8.0).
Unless otherwise specified, the voltage was preset at 120V, samples for SDS denaturing
gels were heated with sample buffer to 95°C for four minutes, and the running time of the
gel was between 105 to 120 min.
Three different staining techniques were tried on polyacrylamide gels in attempts
to identify the enzyme(s). The coomasie stain was composed of 0.1% (w/v) coomassie
blue R-250 (Bio-Rad, Richmond. CA), 40% (v/v) methanol, HPLC grade, 10% (v/v)
glacial acetic acid, and deionized water. The gel was placed into 100 ml of the coomassie
dye and shaken gently for 2 hours.

Excess dye was poured off and 100 ml of a

destaining solution was added and gently shaken for 4 hours. The destaining solution
was prepared by mixing 40% (v/v) methanol, HPLC grade, 10% (v/v) glacial acetic acid,
and deionized water. Some gels were stained using a Silver Staining Kit (Bio-Rad,
Richmond, CA), based on the method of Merril (Merril, et al., 1981). Double distilled
water was used for all steps of the procedure. After electrophoresis, the protein was fixed
in the gel using 200 ml of a 40% (v/v) methanol, HPLC grade, 10% (v/v) glacial acetic
acid in water. After 30 minutes of gentle shaking, the fixative was changed to 200 ml of
a 10% (v/v) ethanol, 5% (v/v) glacial acetic acid solution in water. The gel was gently
shaken in this solution for 15 minutes. Two hundred ml of this solution was replaced
and gently shaken again for 15 minutes. The solution was removed, and 100 ml of an
oxidizer solution was added for 5 minutes. The oxidizer was removed and the gel was
water washed two times with 200 ml water. After water washing, 100 ml of a silver
reagent was added to the gel and gently shaken for 20 minutes. The gel was water
washed with 200 ml water for 1 minute and then placed in 100 ml of developer. After 30
seconds, the developer was replenished and gently shaken for two minutes.
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The

developer was replaced with 200 ml of 59c (v/v) acetic acid. The third method used to
stain the protein was the Glyco-Pro Kit (Sigma, St. Louis, MO), based on the periodateSchiff method (Jay, et a i, 1990). The gels were initially fixed in 200 ml of 50% (v/v)
methanol, HPLC grade, in deionized water for 30 minutes. After fixing, the gel was
washed twice with 200 ml deionized water for 10 minutes. The gel was then placed in
100 ml oxidizing solution and shaken gently for 30 minutes. After oxidation, the gel was
washed twice with 200 ml deionized water for 10 minutes. The gel was then placed in a
staining solution and shaken gently until magenta bands began to appear

(1

to

2

hours).

After the bands appeared, the gel was placed in a reduction solution and shaken gently for
60 minutes. After reduction, the gel was washed twice with 200 ml deionized water for
10

minutes.

VI. Continuous Cultures
Cultures were diluted at a constant rate until absorbance stabilized over a one hour
period. A minimum of at least three vessel volumes (1260 ml) was passed through the
system before confirmation of steady state. For the glucose-simple salts media, nitrogen
limitation tests using Nessler's reagent (Sigma, St. Louis, MO) also were used to confirm
that the culture had reached steady state. After reaching steady state, a 1 ml sample was
removed and centrifuged at 10,0(X) x g for 2 minutes. The supernatant was used as the
source of extracellular alginate lyase.

Vn. Carbon Source and Iron Optimization
One ml samples were removed from batch cultures and centrifuged at 10,000 x g
for 2 minutes. The supernatant was used as the source of extracellular alginate lyase.
Maximum growth rate was calculated as the greatest increase in cell mass over time (A
cell mass/hour). The maximum extracellular alginate lyase activity was the highest level
during log growth divided by cell mass. A variety of media were used to demonstrate the
relationship of growth rate to alginate lyase activity (Table 6 ). No growth or very slow
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Table 6. Media composition for determining the relationship between growth rate
and activity per cell mass. All media, except for nutrient broth, were the carbon source
in DF simple salts. Unless otherwise noted, all samples were tested using 0.003 mM
FeiSO^ .

Carbon Source
Nutrient Broth ( 8 g/L)
Peptone (3 g/L)
Glucose (20 g/L) + glutamate (3 g/L)
Glutamate*-^
Glucosamine (20 g/L)

' Concentrations of 3, 7, 14, and 21 g/L glutamate were tested.
- Glutamate at a concentration of 1.25 g/L was tested at 0.12, 0.24, and 0.36 mM
F e2S04-
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growth carbon sources were succinate, beef extract, glutamine, aspartate, cysteine, and
glycine. They were tested in DF salts and 0.003 mM Fe^SO^ at concentrations of 3g/L.
V m . Adhesion Analysis
Cell adhesion was measured directly in a flow cell similar to others previously
described (Koenig, et ai, 1995). It consisted of two 75 mm x 38 mm glass microscope
slides sandwiching a 3 mm silicone gasket with a 30 mm x 5 mm section removed,
forming a chamber with glass on top and bottom (Fig. 7).

Sixteen gauge needles,

inserted through the silicone gasket, allowed culture flow. Culture was pumped from a
source, and into the image analyzer flow cell by a Masterflex pump (Cole-Parmer,
Chicago, IL) set at a flow rate of 0.5 ml/minute. The flow cell was mounted on a Nikon
TMS inverted microscope (Nikon, Tokyo, Japan) equipped with a 60x objective (Fig. 8 ).
Images from the microscope were collected by a Hammamatsu C2400 video camera
(Hammamatsu, Hammamatsu, Japan) and relayed to a Hammamatsu ARGUS-10 image
processor (Hammamatsu, Hammamatsu, Japan). A Vision Plus grabber card (Imaging
Technology, Woburn, MA) in an Optimas image analysis system(Bioscan, Edmonds,
WA) averaged successive images and stored them for analysis.

The field of view

analyzed was 0.019118 mm^.
A. Batch adhesion studies. Batch preparations for adhesion studies were grown
as 250 ml nutrient broth cultures

(8

g/L) in 500 ml Erlenmeyer flasks. Agitation rates

were 200 rpm. Growth temperature was 30°C. Initial inocula of 0.5 ml were taken from
nutrient broth cultures less than 72 hours old. Separate cultures were grown for each
adhesion analysis. Cell density was determined by measuring the absorbance at 660 nm
of a 1 ml sample in a plastic cuvette. Before the cultures were added, the flow cell was
flushed with sterile, deionized water until all air was removed from the system.
Adhesion measurements were taken every 2 minutes to determine the adhesion rate.
B. Continuous culture studies. Continuous cultures for adhesion studies were
prepared using the same continuous culture procedure reported previously.
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Figure 7. Adhesion flow cell.
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c . Adhesion matrix studies. The adhesion matrix was composed of a 10 ml
glass pipette to which II.5 g of 4 mm glass beads were added. The beads filled 75% of
the column. The surface area in the adhesion matrix was approximately 8.53 cm-. The
void volume of the column was approximately

8

ml. The glass beads of the matrix were

washed in concentrated HCl for at least 24 hours between trials to insure removal of all
residual carbohydrate. The beads were washed with deionized water prior to use.
Batch preparations for the inoculum of the adhesion matrix were grown in
nutrient broth to an absorbance above 3.0 (660 nm). Cultures for inoculation were not
over 72 hours old. The adhesion matrix was inoculated by passing the batch culture
through the apparatus for three hours at a flow rate of 0.5 ml/minute. The batch culture
flow was immediately followed with a 24 hours flush of sterile, deionized water at a flow
rate of 0.5 ml/minute.
Nutrition addition and depletion experiments used nutrient broth

(8

g/L) which

was added for 10 hours immediately after the water flush. After 10 hours of nutrient
addition, the matrix was flushed with sterile, deionized water for a further

10

hours.

Adhesion analysis began immediately upon nutrient addition. Extracellular alginate lyase
activity was determined by collecting a

1

ml sample of the effluent from the flow cell

which was centrifuged at 10,000 x g for 2 minutes. The supernatant was used as the
source of extracellular alginate lyase.
Viable cell counts were determined by collecting 1 ml samples of the effluent
from the flow cell during nutrient addition. Three separate nutrient addition trials were
compared using serial dilutions in sterile, deionized water on nutrient agar plates. Counts
were taken after 24 hours of growth at 30°C.
D.

Scanning electron microscopy.

Glass beads were removed from the

adhesion matrix during the nutrient addition phase for observation and photography using
a Cambridge 260 Stereoscan Scanning Electron Microscope (SEM).

The beads and

attached biofilm were fixed in equal parts of the matrix media and 4% (v/v)
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glutaraldehyde for 24 hours. These beads were then rinsed three times in 0.1 M sodium
cacodylate buffer (pH 7) for at least I hour. The beads were post-fixed in 2% (w/v)
OSO4 in 0.05 M buffer for

1

hour. The samples were dehydrated in an ethanol series,

and then critical point dried in a Denton DCP-1. The beads were attached to specimen
mounts and sputter coated with gold/palladium in an Edwards S-150.
E. Concentrated alginate lyase preparation.

Concentrated alginate lyase

solution was prepared from cell-free broth cultures originally grown as 500 ml nutrient
broth cultures

(8

g/L) in a 1000 ml Erlenmeyer flask. Agitation rates were 200 rpm.

Growth temperature was 30°C.

Cultures were harvested during log growth phase

(absorbance at 660 nm of 1.5). This broth was filtered through a 100,000 molecular cut
off filter with an Amicon Model 202 (Amicon, Lexington, MA).

The filtrate was

concentrated to 10% of its original volume (50 ml) by using a 30,000 molecular cut off
filter on the same Amicon apparatus. The final enzyme activity was 215 milliunits/ml
enzyme extract. After inoculation and a 24 hour water flush described under adhesion
matrix studies, concentrated enzyme extract was added directly to the matrix for

100

minutes at a flow rate of 0.5 ml/minute. Adhesion was measured at ten minute intervals.
F. Sodium dodecyl sulfate studies. The effect of SDS on growth was analyzed
by comparing the growth of two 250 ml nutrient broth cultures

(8

g/L) in 500 ml

Erlenmeyer flasks. One culture contained only nutrient broth, while the second culture
contained nutrient broth and 0.001% (w/v) SDS. Agitation rates were 200 rpm. Growth
temperature was 30°C. Initial inocula of 0.5 ml were taken from nutrient broth culttires
with absorbances greater than 3.0 at 660 nm, but less than 72 hours old. Cell densities
were compared during log growth phase.
The effect of SDS on adhesion was analyzed by comparing the adhesion rates of
batch cultures grown on nutrient broth cultures to the adhesion rates of these cultures
when 0.001% (w/v) SDS was added immediately prior to testing.
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Adhesion analyses of nutrient addition with SDS was conducted identically to the
procedure for analyses of nutrient addition to the adhesion matrix, except that after
inoculation and water flush, the nutrient broth which was added contained 0 .0 0 1 % (w/v)
SDS. After 10 hours of nutrient broth with SDS addition, the matrix was flushed with
sterile, deionized water for 10 hours. After this water flush, nutrient broth without SDS
was added for 10 hours. Adhesion was measured every 15 minutes throughout the entire
30 hour process. Extracellular alginate lyase and viable cell counts were determined with
identical procedures as those used in the original nutrient addition.
G. Pseudomonas aeruginosa studies.

The effect of inoculating with P.

syringae cultures on adhesion patterns, extracellular alginate lyase, and viable cell counts

during nutrient addition to the adhesion matrix were compared to the effect of inoculating
with P. aeruginosa cells. This comparison was used to determine if all pseudomonads
displayed similar responses. All procedures were identical to those described for P.
syringae, except that the P. aeruginosa adhesion matrix was inoculated after the batch

culture reached an absorbance of 2 . 0 (660 nm), due to the lower absorbance at 660 nm of
P. aeruginosa cultures at stationary phase.
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RESULTS

I. Production of Alginate Lyase in Batch Culture
Elevated activity levels of extracellular alginate lyase were observedduring
phases of growth in batch culture of P. syringae (Fig. 9). The activity level

two

atmid-

growth phase averaged 23 + 2 milliunits/ml enzyme extract and then dropped 59% to 10
± 1 milliunits/ml enzyme extract during stationary phase. At late stationary phase, the
extracellular lyase activity increased, averaging 2 1 + 4 milliunits/ml enzyme extract.
In culture broth, the enzyme had a half life of

8 .6

hours (Fig. 10). In order to

calculate enzyme release at discrete time points, an adjustment was made for activity carry
over. Half life adjustments were determined at five hour growth intervals. The following
equation was used to calculate release at any time point:
Adjusted A72 = A7 2 - (Ay; - (Ayi

))

where: A j 2 = activity at time 2 (milliunits/ml enzyme extract)
Axi = activity at time

1

(milliunits/ml enzyme extract), and

Tl/2 = half life (hours).
When the adjusted enzyme activity was calculated, the level of enzyme(s) release detected
in log growth decreased by 8 8 % in stationary phase, to 2 milliunits/ml enzyme extract per
5 hour period.
Total alginate lyase activity was determined from lytic extracts prepared with a
French pressure cell (Fig. 11).

The total enzyme activity pattern paralleled the

extracellular enzyme activity pattern, showing increased levels during both log growth
and late stationary phases. The difference between the total and extracellular enzyme
activities represented the cell associated enzyme activity. The cell associated activity was
essentially constant at about 5 milliunits/ml enzyme extract . Cell associated activity per
mg cell displayed a sharp peak in activity during log growth. This pattern paralleled the
peak seen in extracellular activity (Fig. 12).

During log growth, the extracellular
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component was 94.7% of total enzyme activity (Fig. 13). In late stationary phase, this
percentage declined to 64.3% of total activity, and then rose to 80.6% of total activity.
The final increase in the extracellular percentage is probably due to cell lysis.
The pH of batch cultures consistently increased from 7.0 to above 8.0 over the
course of the growth cycle (Fig. 14). Cultures with an initial pH between 6.0 and 8.0 had
to reach pH 7.0 before growth began,
n . Enzyme Characterization
A. Activity loss during concentration.
activity of

20

A twenty liter cell culture with an

milliunits/ml enzyme extract was concentrated to

2 .0 1 1

ml using a

molecular filter, producing a solution with an activity of 19 milliunits/ml enzyme extract.
Cells and cell debris were removed by centrifugation, and the supernatant was passed
through a 100,000 molecular weight filter with no loss of activity. Further concentration
decreased the volume to 561 ml (a 34 fold concentration).

Although activity at this

concentration increased to 30 milliunits/ml enzyme extract, the percent recovery decreased
to 41.7%.

A final concentration decreased the volume to 80 ml (a 244 fold

concentration). Activity levels decreased to 25 milliunits/ml enzyme extract, and percent
recovery decreased to 4.9%. Loss in activity was observed during concentration greater
than 20 fold. The protein may have aggregated or bound to the filtration apparatus. The
enzyme did display an ability to bond to a variety of p>olymers, including polypropylene.
Polypropylene vials containing 2 ml of the enzyme were emptied, rinsed twice with equal
volumes of deionized water, and then replenished with an equal volume of Tris-HCl
buffer (pH 8.0). The buffer displayed an activity comparable to a 1/10 dilution of the
crude enzyme.
B. Enzyme purification. Purification of the enzyme could not be confirmed as
separation was not achieved on a polyacrylamide gel. Gels stained with either coomassie
blue or silver staining techniques did not show band formation in the enzyme gel was run
at 120 or 180 V.

The band did not migrate, regardless of whether the protein
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I

lane. Protein markers stained as expected. The periodate-Schiff stain displayed a band at
the top of the well, approximately

1

mm in depth. The band did not change whether the

sample was native, denatured with the standard SDS denaturing buffer, or denatured in
the SDS buffer with 6 M urea and boiled for 15 minutes. While the initial protein levels
were small (approximately 3 pg/ml), concentration up to 200 fold did not produce bands
on gels stained with coomassie blue or change the band pattern for the periodate-Schiff
stain. Aggregation or surface binding observed during concentration may explain the
inability of the enzyme to migrate through the gel.
C. Inactivation. The decrease in viscosity of alginate solutions due to enzymatic
cleavage was measured before and after heating the enzyme solution in a 100°C water
bath for 15 minutes to confirm enzyme activity (Fig. 15). After heating the enzyme
solution, as no viscosity decrease was observed over a two hour testing period.
The enzyme was inactivated with SDS. Absorbance analyses at 232 nm indicated
that all activity was lost upon addition of SDS at concentrations of 0.001% (w/v) and
greater. At 0.0001% (w/v) SDS, activity was 87% of the control.
The addition of 5 mg papain (Sigma, St. Louis, MO) to 1 ml enzyme for one
hour completely inactivated the enzyme. The enzyme was also inactivated by 30% (v/v)
ethanol.
D. Substrate specificity. Both seaweed alginate from Macrocystis pyrifera and
bacterial alginate from P. syringae were used for specificity determination. A greater
decrease in solution viscosity for bacterial alginate solutions was observed compared to
seaweed alginate solutions (Fig. 16).

Absorbance analyses, which directly reflects

cleavage of the polymer, indicated that at concentrations greater than 0.04% (w/v)
alginate, the enzyme cleaved the seaweed polymer faster than the bacterial polymer (Fig.
17). At 1.5 mg/ml alginate, activity on seaweed alginate was 32% faster than on bacterial
alginate.

58

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

20

*u 15

C/3

sk.

u
u
Û

10
t/3

o
u

V3

5

0

0

20

40

60

80

100

120

Time (Minutes)
Control
Heated sample
Figure 15. The inactivation of alginate lyase by heating in a water bath at
100°C for 15 minutes. The percent decrease in viscosity attributable to
alginate cleavage was calculated by the equation (dV*100/(Vi-Vwater).

59

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

60

50
<u

c/3

8

S

Q

'I
40 4

i
30 4

cr
1
S/3 20 -j
C
10 H

10

20

30

40

“ 1—
50

60

Tim e (M inutes)
Seaweed Alginate
▼ ■• P. syringae Alginate

Figure 16. Decrease in viscosity from seaweed and P. syringae alginates
resulting from alginate lyase extract. Viscosity assays were performed
with 3 ml 0.01% (w/v) alginate mixed with 1 ml crude enzyme extract.
The percent decrease in viscosity attributable to alginate cleavage was
calculated by the equation (dV*100/(Vi-Vwater).
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resulting from alginate lyase extract addition. Speectrophotometric assays
were measured at 232 nm using 0.75 ml 0.01% (w/v) alginate and 0.25 ml crude
enzyme extract.
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The viscosit\- results showed higher activity rates on bacterial alginate, while the
spectrophotometric assays indicated higher rates on seaweed alginate. This difference is
explainable as a result of the compositional difference between the polymers. Bacterial
alginate from P. syringae has a very high M:G ratio.

The smaller number of

polyguluronic induced junction zones in the bacterial polymer gives it greater water
holding capabilities, compared to the water holding capability of the lower M:G ratio
seaweed alginate.

The higher water holding capability means a greater decrease in

viscosity is possible for every bond cleaved by the enzyme.

While

the

spectrophotometric assay indicated that the alginate lyase had a greater rate of reaction on
the seaweed alginate, the effect on viscosity appeared greater on the bacterial alginate. The
difference in activity could also be the result of two or more enzymes.

Without

confirmation on a polyacrylamide gel, this possibility cannot be disregarded.
E. Physical characteristics.

The temperature and pH optima of the crude

alginate lyase extract were 30°C and pH 8.0 (Fig. 18 and 19). The enzyme lost all activity
upon dialysis for four hours against either deionized water or deionized water buffered
with 0.05 M Tris-HCl (pH 8.0).
F. Enzyme size. The molecular weight of the enzyme was estimated based upon
the filtration data. The enzyme activity did not decrease when passed through a 100,000
MW filter. When concentrated with a 30,000 MW filter, the filtrate displayed no activity.
These observations indicate the enzyme(s) has a molecular weight between 30,000 and
100,000 Da.
G. Km determination.

The activity of the crude enzyme against seaweed

alginate polymer was determined and plotted as the inverse of activity versus the inverse
of concentration. The plot showed an r- of 0.96, and a Km of 0.316 mg/ml (Fig. 20).
Maximum velocity was calculated at 144.6 milliunits/pg protein, based upon a protein
concentration of 2.64 p.g/ml.
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Figure 18. Temperature activity profile. Activity determined by
spectrophotometric assay at 232 nm using concentrated extract from 20 L
glutamate, DP simple salts cultures.
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Figure 20. Lineweaver Burk plot for P. syringae alginate lyase extract.
Lyase samples from a 12 g/L glutamate, DP simple salts batch culture were
spectrophotometrically assayed at 232 nm using various concentrations of
seaweed alginate.
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7

HI. Production of Alginate Lyase in Continuous Cultures
The presence of extracellular alginate lyase in continuous cultures, on a nutrient
broth media, confirmed that the enzyme was released by rapidly growing P. syringae
cells (Fig. 21). Extracellular activity was zero at dilution rates below 0.114 hr*. As the
growth rate increased at higher dilution rates, extracellular alginate lyase levels increased,
peaking at 10 milliunits/ml enzyme extract at a dilution rate of 1.571 hr*. At very high
dilution rates, extracellular enzyme concentrations were lower, but not zero.
Alginate lyase production by continuous cultures, grown on either a 2% (w/v)
glucose-simple salts media or nutrient broth, indicated that a peak in extracellular enzyme
activity occurred at 60% of the washout rate, regardless of media (Fig. 22). Since cell
densities differed with media, activity was adjusted by dividing by cell mass. At 60% of
the washout rate, the cells grown in nutrient broth produced more than twice as much
activity (60 milliunits/mg cell) as on glucose-simple salts (26 milliunits/mg cell).
rV. Media Composition Effect on Alginate Lyase Production
Several media were evaluated for production and release of alginate lyase. P.
syringae released significant concentrations of alginate lyase in nutrient broth.

The

components of nutrient broth, peptone and beef extract, were tested individually for
growth and activity enhancement. Growth on beef extract was minimal. Cells grown on
peptone-simple salts produced enzyme activity levels and growth rates similar to nutrient
broth (Table 7). Peptone is primarily a protein source (Difco Manual, 1953); therefore,
amino acids, including glutamate, glutamine, aspartate, and glycine, were tested as sole
carbon sources. The only amino acid that stimulated both growth and enzyme activity
equivalent to that found in nutrient broth was glutamate. The extracellular activity level
during growth increased rapidly with glutamate concentration and was maximized at
levels above 3 g/L (Fig. 23). Higher glutamate levels resulted in a decrease in activity per
cell mass. Iron requirements were tested in a simple salts media containing 1.25 g/L
glutamate as the carbon source (Fig. 24). Maximum extracellular activity was found at an
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Table 7. The effect of media components on growth rate and extracellular alginate
lyase activity. Carbon source, except nutrient broth and beef extract, refer to the carbon
source in DF simple salts.

Carbon source

Growth Rate
.-Mginate Lyase
(A Absorbance/hour) (Milliunits/ml enzvme extract )

Nutrient broth

0.142

0.023

Peptone (3g/L)

0.175

0.018

Glucose (20g/L)

0.006

0.012

Glutamate (3g/L)+
Glucose (20g/L)

0.044

0.041

Glutamate (1.25 g/L)

0.018

0.022

Glutamate (3g/L)

0.039

0.034

Glutamate (7g/L)

0.067

0.033

Glutamate ( 14g/L)

0.050

0.032

Glutamate (21 g/L)

0.023

0.023

Aspartate (3g/L)

0.005

0.008

Glucosamine (3g/L)

0.003

0.006

No detectable growth was observed over 72 hours using beef extract or 3 g/L succinate,
glutamine, cysteine, or glycine as a carbon source with DF salts.
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iron concentration of 0.24 mM Fe^SO^. Maximum production per mg cell was found at
0.12 mM FeiSO^.
Extracellular activity per mg cell correlated with growth rate, peaking near 0.4
units/mg cell at a rate of 0.005 mg cell/ml per hour (Fig. 25). Above this rate, enzyme
activity levels decreased rapidly, to a basal level near 50 milliunits/mg cell level.
V. Adhesion Studies
A. Batch growth. Using a two dimensional image analyzer, P. syringae cells
were analyzed for adherence to glass plates. The number of adhering bacteria increased
linearly with time (Fig. 26).

The adhesion rates of the batch grown cells increased

logarithmically with linear increases in cell density during cell growth (Fig. 27). Adhesion
rates of batch grown cells with absorbances greater than 0.90 at 660 nm were beyond the
capabilities of the image analyzing system. Cells, which were killed with either sodium
azide or boiling for 15 minutes,

displayed a basal adhesion

rate of

12.3

bacteria/mm-/min.
B. Continuous culture. Rapidly growing P. syringae cells from continuous
cultures did not adhere to glass (Fig. 28).As the dilution rate slowed to 0.214 h r ', the
adhesion rate climbed to 10 bacteria/mm-/min. When the dilution rate decreased to 0.129
h r ', the adhesion rate tripled to 32 bacteria/mm^/min.

A comparison of bacterial

adhesion rates and extracellular alginate lyase concentrations in the effluent from the flow
cell showed an inverse relationship which was dilution rate dependent.
C. Adhesion matrix analysis. The adhesion matrix was inoculated by passing a
flow of stationary phase P. syringae cells, at a rate of 0.5 ml/minute, for three hours. The
matrix was then flushed with sterile, deionized water, at a rate 0.5 ml/minute, for 24
hours. This procedure produced a reservoir of sessile, nutrient depleted cells in the
matrix. Nutrient broth was passed through the system at a rate of 0.5 ml/minute for 10
hours, followed by a flow of sterile, deionized water at 0.5 ml/minute for 10 hours.
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Figure 26. P. syringae adhesion to glass observed in the flow chamber.
Cells were grown in nutrient broth batch cultures and sampled at an absorbance
of 0.59 (660 nm). Adhesion was measured from a constant flowing stream
of 0.5 ml/min.
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Figure 27. P. syringae adhesion rates of batch culture cells during growth.
Cultures were grown in nutrient broth and tested at different absorbances
during log growth phase. Killed cells are from a batch culture with an
absorbance of 0.89 at 660 nm that was treated with sodium azide.
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Figure 28. Adhesion rates of continuous culture grown P. syringae and extracellular alginate
lyase activity in the effluent. Cultures were grown in nutrient broth and assayed
spectrophotometrically.

Viable cell counts and extracellular alginate lyase concentrations in the system
effluent were measured throughout the nutrient addition period (Fig. 29). Prior to nutrient
addition, cell numbers were about 10^ cfu/ml in the effluent.

After the addition of

nutrient broth, background levels averaged 1.97 x 10^ + 1.13 x 10^ cfu/ml at three hours.
After three hours of nutrient addition, cell counts in the effluent began to increase rapidly,
averaging 1.49 x 10^ ± 1.38 x ICP cfu/ml at hour four. After six hours of nutrient
addition, effluent cell numbers leveled off between 10^ and 10^ cfu/ml. Extracellular
alginate lyase concentration also increased rapidly starting at hour four of nutrient
addition. After five hours of nutrient addition, enzyme levels peaked at 52 milliunits/ml
enzyme extract and then rapidly dropped to basal levels
over the next three hours.

(10

milliunits/ml enzyme extract)

The rapid increase in extracellular alginate lyase activity

corresponded to the rapid increase in cell counts.
Glass beads were removed from the matrix and photographed under a scanning
electron microscope (SEM). Prior to nutrient addition (Fig. 30), approximately 3,300
cells/mm^ adhered to the bead, and small amounts of biofilm were visible. Assuming
8.53 cm- of available surface area, the adhesion matrix held about 2.8 x 10^ sessile cells.
Four hours after nutrient addition, significant quantities of biofilm were visible, covering
the immobilized bacteria (Fig. 31). After five hours of nutrient addition, cells became
visible again, implying biofilm changes (Fig. 32). Cells were clearly visible after six
hours of nutrient addition (Fig. 33). The biofllm appeared to develop increasing numbers
of breaks and fissures after hour five. While this change could be the result of alginate
lyase release, changes in surface architecture may only be the result of the rough nature of
the developing biofilms.
This procedure was repeated with 0.001% (w/v) SDS added to the nutrient broth.
At this concentration, SDS does not affect batch cell growth or adhesion (Fig. 34).
Although the addition of SDS made no difference in the number of cells in the effluent
during the first four hours of nutrient addition, at the fifth hour a significant increase was
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Figure 29. Viable cell counts and extracellular alginate lyase in the elUuent
from the adhesion matrix after nutrient addition. M easurem ents at tim e
zero represent the effluent be fo re nutient broth addition

Figure 30. SEM photograph of the adhesion m atrix prior to nutrient addition.
The bar represents 20 pm at a 1 120 x magnitication.
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A,

B.

Figure 31. SEM photograph of the adhesion matrix four hours after nutrient
addition, (a) Buildup o f the biofilm on the glass beads. The bar represents 20 g m at a
1130 X magnification, (b) Close-up of biofilm buildup. The bar represents 5 gm at a 586
X magnification.
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Figure 32. SEM photograph of the adhesion matrix five hours after nutrient
addition. The bar represents 20 pm at a 1180 x magnification.
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A.

B.

Figure 33. SEM photograph of the adhesion matrix six hours after nutrient
addition, (a) Extensive degradation of the biofilm on the glass beads. The bar represents
20 gm at a 1110 X magnification, (b) Close-up of biofilm degradation. The bar
represents 5 gm at a 593 x magnification.
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Figure 34. The effect of 0.001% (w/v) SDS on P. syringae adhesion. Cultures
were grown in nutrient broth and tested at different absorbances during log
growth phase. SDS was added immediately before adhesion testing.

83

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

apparent between the viable counts from a nutrient fed column effluent. 3.31 x ICP ± 2.35
X 10^ cfu/ml, and the viable counts from a nutrient plus SDS fed column effluent. 7.50 x
10^ + 5.00 X 103 cfu/ml ("Fig. 35). The divergence in cell counts continued through hour
10. by which time a 17.5 fold difference was observed between the nutrient fed column
effluent cell counts, 9.70 x 10^ + 8.30 x

10^

cfu/ml, and nutrient plus SDS fed column

effluent cell counts, 5.55 x 10^ ± 3.25 x 10^ cfu/ml. Alginate lyase was not detected in
the effluent of the nutrient plus SDS fed column. SEM photography of the glass beads
showed significant quantities of biofilm in hour 4, similar to levels observed without
SDS (Fig. 36). By hour 6 , the biofilm was extremely heavy, and the cells remained
covered (Fig. 37).
A distinct pattern of downstream adhesion and release was observed during both
nutrient addition and subsequent water washing. A peak in the number of adherent
bacteria was detected between hours five and six of nutrient addition, averaging 3,380 +
323 bacteria/mm^ (Fig. 38). A second peak in adhesion, where over 5,300 bacteria/mmadhered, was observed after hour 7 of the water wash. A background adhesion of about
800 bacteria/mm- was observed between these two peak regions.

The peak in

downstream adhesion upon nutrient addition coincided with elevated levels of alginate
lyase in the effluent (Fig. 39).

While downstream adhesion did not appear to be a

function of the viable cell numbers, adhesion increased after the rapid increase in cell
numbers in the effluent. As a control, water addition, rather than the addition of nutrient,
was continued after the initial 24 hour water flush.

Downstream adhesion was not

observed for the next 24 hours.
To eliminate the possibility of glass slide conditioning for adhesion during the
initial five hours of nutrient addition, a fresh glass slide was inserted into the system after
hour five and nutrient addition was continued.

Within 15 minutes, adhesion was

observed, indicating that preconditioning either was not necessary or was very rapid.
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Figure 35. Viable cell counts in the adhesion matrix efTliient during nutrient
addition, with and without SDS. Measurements at time zero represent the
effluent before nutrient broth plus SDS addition Standard error bars for
nutrient broth plus SDS are displayed only after 5 hours.

Figure 36. SEM photograph of the adhesion m atrix four hours after nutrient plus
SDS addition. The bar represents 20 nm at a 2050 x magnification.
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Figure 37. SEM photograph of the adhesion matrix six hours after nutrient plus
SDS addition. The bar represents 2 0 urn at a 2050 x magnitlcation.
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Figure 38. P. syringae downstream adhesion during nutrient addition and
depletion. Measurements at time zero represent the effluent before nutrient
broth addition.
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Downstream adhesion was monitored during nutrient plus SDS addition. Neither
adhesion nor alginate lyase was detected during the nutrient addition phase. During the
following deionized water flush (10 hours), adhesion also was not observed.

A

following flush of nutrient broth (10 hours), without SDS, was conducted after this water
flush to confirm the initial inoculation of P. syringae in the matrix. Adhesion started after
5 hours of nutrient readdition and peaked at levels greater than 14,900 bacteria/mm-.
Alginate lyase levels in the system effluent began to increase three hours after nutrient
readdition. After 5.5 hours of nutrient addition without SDS, alginate lyase levels peaked
at 61 milliunits/ml enzyme extract.
The effects of exogenous alginate lyase on the sessile P. syringae cells were
measured by adding concentrated alginate lyase to the matrix after the inoculation and
water flush (Fig. 40).

Within 30 minutes, downstream adhesion at levels of 314

bacteria/mm- was apparent.

The peak of adherent cells seen during alginate lyase

addition was lower than the peak seen during nutrient addition (3,380 bacteria/mm-). The
difference is possibly due to a lack of time for cell proliferation. The number of adherent
cells is significant as the image analyzer can measure cell counts as low as 53
bacteria/mm-).
P. aeruginosa was analyzed using the adhesion matrix in a manner similar to P.
syringae to compare adhesion and alginate lyase patterns. The matrix was inoculated
with P. aeruginosa cells for three hours and then flushed with sterile, deionized water for
24 hours.

Analysis during ten hours of nutrient addition indicated no downstream

adhesion or alginate lyase in the effluent from the flow cell.
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Figure 40. Adhesion of P. syringae cells after the addition of alginate lyase.
Alginate lyase (215 milliunits/ml enzyme extract) was added to sessile cells
in the adhesion matrix.
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DISCUSSION

Medical and industrial problems associated with alginate biofilms have driven
research on the mechanisms of alginate lyase action and production (Boyd and
Chakxabarty, 1994; Bayer, et a i, 1992). The ability of alginate producing bacteria, such
as A.vinelandii and P. aeruginosa, to produce alginate lyase is well documented
(Davidson, et ai, 1977; Linker and Evans, 1984). In P. aeruginosa, this enzyme is
found in the periplasm, with increasing enzyme levels paralleling incresing alginate
production. Extracellular alginate lyase from P. aeruginosa has only been found in late
stationary phase batch cultures.
The production of extracellular polysaccharides by plant pathogens, such as P.
syringae, has been associated with plant pathogenesis (El-Banoby and Rudolph, 1979;
Fett, et aL, 1989), and polysaccharide modification is proposed to be part of the virulence
mechanism (Hettwer, 1995). However, the levels of extracellular alginate lyase in plant
pathogens have not been previously studied.

Among the alginate producing

pseudomonads, no organism has been reported with the elevated concentrations of
extracellular alginate lyase during log growth, observed with P. syringae. While studies
with P. aeruginosa indicate that its enzyme is periplasmic, this study indicates that
alginate lyase in P. syringae is primarily extracellular. During growth, up to 95% of the
P. syringae alginate lyase is found in the culture broth. This percentage decreases during
stationary phase, but remains above 64%. Since P. aeruginosa releases alginate lyase
only during late stationary phase (Linker and Evans, 1984), no mechanism for release,
other than cell lysis, has been postulated. The observed decrease in the percentage of
extracellular alginate lyase over the growth cycle of P. syringae suggests a change in the
enzyme release rate. Cellular changes that may control release of alginate lyase in this
organism have not been investigated, but could range from a simple change in the cell
envelope to a complex multiple stage release mechanism.

Such a mechanism in P.
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syringae has been reported for the type ID bacterial protein secretion pathway, created by
proteins of the hrp genes, responsible for a hypersensitive response in plants (Yuan and
He, 1996).
A possible mechanism for enzyme production and/or activation control is
suggested by the decrease in cellular and extracellular enzyme levels observed after log
growth. Cellular levels of alginate lyase in other pseudomonads, often reported as the
periplasmic level (Eftekhar and Schiller, 1994), do not decrease throughout growth. The
decrease of cell associated activity per mg cell after log growth in batch cultures of P.
syringae. combined with a concurrent decrease in extracellular enzyme indicates that the
enzyme production or activation seen in early log growth decreased or stopped.
The biochemical differences between the P. syringae enzyme(s) and other
alginate lyases is not unusual, as almost all of these enzymes, even those within the
Pseudomonas genus, display a wide range of physical characteristics.

Generally,

pseudomonal alginate lyases are inhibited by acetylated alginate (Linker and Evans, 1984;
Sutherland, 1995).

Although a faster reaction rate was observed on non-acetylated

seaweed alginate, the enzyme extract from P. syringae cultures cleaved acetylated
bacterial alginate at a substantial rate, joining the alginate lyase from P. maltophilia as
one of the few lyases with this capabihty (Sutherland and Keen, 1981). The inhibition of
the P. aeruginosa enzyme by acetyl groups is in line with the proposed function for this
enzyme as an alginate production regulator in the periplasm (before the alginate is
acetylated). The acétylation of P. syringae alginate occurs on the outer membrane of the
cell, either during or after release from the cell (Lee and Day, 1995). The ability of the
enzyme extract from P. syringae to cleave the acetylated polymer suggests that the
enzyme(s) may have a role in the extracellular degradation of alginate.
The release of alginate lyase by rapidly growing P. syringae was confirmed in
continuous culture.

In P. aeruginosa cultures, alginate lyase is found in high

concentrations only during late stationary phase, making continuous culture studies
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irrelevant. Changes in protein production, resulting from changes in growth rate, are well
documented in many organisms. Ceils entering stationary phase initiate production of
certain proteins and discontinue production of others (Kolter. et aL. 1993).

The

extracellular enzyme activity pattern in continuous cultures of P. syringae suggests a
decrease in active lyase production as the cell enters stationary phase. In P. aeruginosa,
transcription of the genes in the alginate biosynthetic cluster increases as the cultures enter
stationary phase (Leitao and Sa-Correia, 1995).

The order and arrangement of the

structural genes of the alginate biosynthetic cluster in P. syringae appear to be virtually
identical to those in P. aeruginosa (Penaloza-Vazquez, et aL, 1997). The timing of the
decrease in alginate lyase and the increase in alginate production as the cells enter
stationary phase suggests that the initiation of activity in the alginate biosynthetic cluster
genes contributes to a decrease in the transcriptional rate of algL in this strain.

Two

possible levels of expression for the algL in P. aeruginosa have been proposed, after the
discovery of a weak internal promoter (Schiller, et aL, 1993). Two levels of expression
in algL of P. syringae could explain the observed change in lyase levels.
Extracellular alginate lyase production in continuous cultures of P. syringae
indicated a distinct growth rate (dilution rate/washout rate) at which enzyme production
peaks. Growth related changes have been demonstrated in P. aeruginosa, where the
initiation of production of alginate appears to be dependent on the growth phase
associated cleavage of its nucleoside diphosphate kinase (Shankar, et aL, 1996; Sundin, et
aL, 1996). No evidence indicates any connection between nucleoside diphosphate kinase
activity and the observed peak in P. syringae alginate lyase activity.

Growth related

changes in P. aeruginosa suggest the possibility of such changes occurring in P.
syringae affecting alginate and alginate lyase production. The occurrence of a maximum
extracellular alginate lyase at 60% of the washout rate implies that the controlling factors
are growth rate related.
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Differences in media composition did not change the relative growth rate at which
extracellular lyase activity peaked.

However, media composition altered both the

extracellular enzyme levels and enzyme released per mg cell. Environmental (media)
conditions are known to affect other phytopathogenic systems. The syrB genes of P.
syringae pv. syringae, which are required for syringomycin production, are modulated by
the levels of either plant phenolic compounds or certain monosaccharides (Mo and Gross,
1991). In P. syringae pv. phaseolicola. variations in carbon source, osmolarity, and pH
have been demonstrated to control the expression of certain hrp genes (Rahme, et aL,
1992). Rahme, et al. found a 2 to 2.5 fold decrease in expression of hrpC when the
carbon source was changed from sucrose to glutamate.
Investigations of media composition indicated both glutamate and iron levels
affect log growth extracellular alginate lyase levels. Extracellular alginate lyase per mg
cell showed a direct relationship only with iron concentration. The presence of at least 3
g/L glutamate greatly increased extracellular alginate lyase concentration. While high cell
mass in media containing glutamate may contribute to high enzyme levels, other factors
must also influence enzyme levels, as complex media produced the same high cell mass
as the glutamate media, but only 6 6 % of the extracellular enzyme activity. Wozitiak and
Ohman found a similarity between AlgB and NtrC-type factors (Wozniak and Ohman,
1991). If glutamate concentration affected AlgB as it would NtrC, AlgB would be active
when available glutamate decreased, and the alginate biosynthetic cluster would be
upregulated. High levels of glutamate, or a variety of organic nitrogen compounds, may
prevent alginate biosynthetic cluster transcription by preventing the activation of AlgB.
This blocking of alginate transcription may allow greater transcription of algL, if the
proposed two levels of expression does exist.
The various activity levels displayed by cultures of P. syringae pv. phaseolicola
in different media may be a function of their corresponding growth rate. Measurement of
alginate lyase levels per mg cell mass against growth rate indicated a relationship, with
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optimal release per cell occurring at a relatively slow growth rate. 0.005 mg cell/ml per
hour. Enzyme production dropped off rapidly with increasing growth rate. Cultures
growing rapidly in nutrient broth or peptone-simple salts produced lower enzyme activit>'
per mg cell levels, 0.049 and 0.038 units/mg cell, respectively.

Very slow growing

cultures produced high levels, as seen in 2 % (w/v) glucose-simple salts cultures that
produced 0.367 units/mg cell. The relationship between growth rate and alginate lyase
activity per mg cell suggests a growth related control of the extracellular enzyme(s). This
growth related control also was indicated by the peak in extracellular alginate lyase at a
distinct dilution rate in continuous cultures.
Adhesion of batch grown P. syringae cells to glass was linear with time for a
given cell density. This observation has been reported for a variety of bacteria (Caldwell,
e ta i, 1993). The rate of adhesion was affected by cell density, but this relationship was
logarithmic, indicating factors, other than cell density, increased adhesion rates.
Different adhesion rates for cells grown at different dilution rates, in continuous
cultures, confirmed that P. syringae cells adhere at rates dependent on the stage of
growth. Cells in different stages of growth have been previously reported to display
different levels of adhesion (Fletcher, 1977). An absence of adhesion, or levels so low as
not to be detectable, have not been reported. The absence of adhesion by rapidly growing
P. syringae cells may explain the low adhesion rates seen at low cell densities (early batch
growth). While low cell densities at high dilution rates should show decreased adhesion,
this relationship would only be linear if cell density were the sole variable.

Physical

changes on the cell surface, seen during rapid growth, may be responsible for decreased
adhesion by P. syringae cells. P. aeruginosa cells, grown in continuous culture, display
a greater surface hydrophobicity with increasing dilution rate (Allison, et al., 1990A). If
similar behavior occurs in P. syringae, the absence of adhesion during rapid growth may
be the result of increased hydrophilic/hydrophobic repulsion.

Hydrophobicity in P.

aeruginosa increases steadily with increasing dilution rates, and adhesion rates in P.
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syringae decrease dramatically. Thus, other factors besides hydrophobicity may alter
adhesion in rapidly growing cells. Bacterial adhesion has been associated with surface
charge, as demonstrated by culture zeta potentials (Busscher, et a i, 1990; Habash. et a i,
1997).

Both

Escherichia coli and Staphylococcus epidermis have different

electrophoretic mobilities depending on growth phase (Gilbert, et ai, 1991). E. coli is
more negatively charged in early exponential phase than in lag phase (Allison, et al,
1990). The cell membrane charge associated with growth phase appears to be culture
dependent as a decrease in the negative charge, to the point of neutrality, was observed in
5. epidermis as it entered mid-exponential phase. The negative charge was restored as
cultures entered stationary phase.

The absence of adhesion in rapidly growing P.

syringae cells may be the result of a combination of lower cell density, decreased
hydrophobicity, and/or lower negative charge, occurring during rapid growth.
The effluent from a column of adhered P. syringae, the adhesion matrix, was
analyzed for alginate lyase and viable cell counts as a function of nutrient levels. The total
sessile cell count in the matrix, prior to nutrient addition, was estimated at

2 .8

x ICK’ cells.

With no increase in cell numbers in the matrix, a background of 10^ cfu/ml in the effluent
implies a generation time of 16.9 hours for bound cells. The generation time would be
7.9 minutes after 10 hours of nutrient addition.

Based upon the washout rate in

continuous culture, P. syringae cells grown in nutrient broth do not double faster than
every 22 minutes, suggesting cell growth on the beads during nutrient addition. The void
and tubing volume of the matrix allows additional time for cell growth in broth. Based
on the maximum distance traveled through the matrix, this extra volume would provide
18 minutes for cells to replicate, still suggesting cell growth on the beads.
The concurrent presence of alginate lyase and elevated cell counts in the matrix
effluent suggests the lyase is involved in cell release. The use of SDS to inactivate the
lyase during nutrient addition clarified this association. As algL has been demonstrated
as a necessary component of alginate production in other pseudomonads (Monday and
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Schiller, 1996), an algL' mutant would not represent a biofilm producing system.
Therefore, to determine the effects of limiting alginate lyase activity on the biofilm,
chemical inactivation was employed. When alginate lyase activity was inhibited by SDS,
viable counts in the effluent decreased significantly. This decrease indicates alginate lyase
releases cells from the biofilm and/or increases exposure of entrapped cells to the media
flow, allowing daughter cells to be released. Studies by Boyd and Chakrabarty have
shown an increased release of P. aeruginosa cells when algL is up-regulated (Boyd and
Chakrabarty, 1994). If enzyme release in P. aeruginosa occurs only in late stationary or
death phase, the Boyd and Chakrabarty results would imply that alginate lyase releases
cells, rather than merely exposing them to media in order to promote growth. Their work
does not address the physiological condition of the cells during enhanced algL
expression.
Since rapidly growing daughter cells of P. syringae do not adhere to glass, only
stationary phase cells could be expected to adhere downstream from the matrix. The
absence of adherent cells in the effluent prior to and during the first three hours of nutrient
addition implies that these cells were rapidly growing cells.

Downstream adhesion

during nutrient addition shows stationary phase cell release. The concurrent adhesion
with extracellular alginate lyase in the effluent and increasing cell numbers indicates that
both growing and stationary phase cells are released by alginate lyase.
SEM photography of matrix beads during nutrient addition supports the
conclusions indicated from viable counts, enzyme presence, and downstream adhesion.
Prior to nutrient addition, cells which had adhered to the beads showed small amounts of
alginate. At hour 4, SEM photography showed the cells were entrapped in an extensive
biofilm, possibly explaining why bacterial numbers did not increase in the effluent during
the first three hours of nutrient addition. SEM photographs from hours five and six
showed exposed, clearly visible cells.
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The release of ceils from a biofilm by alginate lyase is supported by the presence
of rapid downstream adhesion of released cells upon addition of alginate lyase to the
adhesion matrix.

The total number of cells adhering downstream after addition of

enzyme were lower than those observed during hours five and six of nutrient addition,
probably due to the absence of growth within the biofilm which occurs during the first
three to four hours of nutrient addition. The alginate lyase solution only affected those
starved cells entrapped by the smaller amounts of alginate initially seen on the beads. The
downstream adhesion to glass of these starved, stationary phase ceUs supports the
assertion that only stationary phase cells adhere.
The drop in cell adhesion seen after a prolonged period of nutrient addition
suggests that the putative stationary phase cells display only transient downstream
adhesion. The DVLO theory indicates that some transient adhesion occurs as cells are
attracted by van der Waals forces, but are unable to close within the secondary minimum
(Weber, et al.. 1991). In addition to these forces, the transient nature of this adhesion
may be a result of physiological changes on the cell surface, resulting from nutrient
addition.
A model is proposed for P. syringae release from the adhesion matrix upon
nutrient addition (Fig. 41).

Sessile cells, which have adhered prior to nutrient

supplementation, produce growing cells at a low rate. Upon nutrient addition, cell release
does not occur immediately. Instead, cellular resources are focused on building both
exopolysaccharide biofilm and cell numbers. The cells within the biofilm represent cells
in a variety of phases, including rapidly growing and stationary phase cells. By hours
three or four, some growth related trigger within the cells initiates alginate lyase release.
Through hours five and six of nutrient addition, extracellular alginate lyase concentrations
increase, releasing entrapped cells from the biofilm. Cell release is incomplete, with
some cells releasing and some cells multiplying in the remaining biofilm.

99

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

CD
■D

O
Q.
C

gQ .
■CDD
C/)

o"

3

//////////////////

P r i o r t o n u t r i e n t a d d i t i o n . Sessile cells have adhered Ui (he glass beads
vvilh som e biofilm buildup.

■8D
3 to 4 h o u r s a f t e r n u t r i e n t a d d i t i o n . Cell grow th increases with e.\tensive
biofilm buildup. G row ing cells are being sloughed off into the media. Both
grow ing and stationary phase cells arc entrapped in the biofilm.

i
///////////
3.
3"
CD
CD
■D

O
Q.
C

aO
3
■D
O
CD

5 to 6 h o u r s a f t e r n u t r i e n t a d d i t i o n . Large fissures in the biofilm
expose and release both stationaiy phase and grow ing cells.

7/ / / 77/ / / / / / / /

Q.

■CDD
(/)

C/)

/ / 7/ 7/ 7/ / / / / / ,

8 to 9 h o u r s a f t e r n u t r i e n t a d d i t i o n . W idespread biofilm degradation
completed with grow ing cells and som e stationaiA phase cells released.

F i g u r e 41. P r o p o s e d m o d e l f o r cell r e le a s e d u r i n g n u t r i e n t a d d i t i o n .

The model system for alginate producing pseudomonads has been P. aeruginosa.
An adhesion matrix, inoculated with a culture of P. aeruginosa, did not produce
substantial downstream adhesion or extracellular alginate lyase in the effluent during
nutrient addition. These findings indicate that at least two different responses to nutrient
addition can be observed in alginate producing pseudomonads.
This study suggests that the role of alginate lyase in P. syringae pv. phaseolicola
is to allow release of cells from an entrapping biofilm. The release of these ceUs from
biofilms by alginate lyase may contribute to the pathogenicity of the organism.
Levansucrase from P. syringae pv. phaseolicola has been proposed to modify levan
exopolysaccharide during infection fHettwer, et a i, 1995). As levan is thought to be a
morphological spacer between plant ceU waUs and the bacteria (Kasapis, et a i, 1994),
biofilm modification may be necessary to facilitate infection.

The absence of

levansucrase in Erwinia amylovora retards the spread of its associated disease, fireblight
(Gross, et al., 1992), which led to the original proposal that levansucrase is a virulence
factor (Geier and Geider, 1993).

Alginate probably acts similarly to levan, and

modification of alginate may be required to facilitate infection.

The increase of

extraceUular alginate lyase resulting from the presence of increased levels of certain
nutrients, such as might be expected during contact with a host, support this assumption.
In conclusion, alginate lyase is released by P. syringae pv. phaseolicola in both
log growth and late stationary phase. Maximum release of this enzyme from rapidly
growing ceUs occinrs at a distinct growth rate, with extraceUular concentrations dependent
on nutritional factors and/or rate of growth.

P. syringae adhesion in growing ceUs

displayed an inverse relationship to alginate lyase release, as rapidly growing cells, which
released high levels of enzyme, did not adhere to glass.

ExtraceUular alginate lyase

facUitates the release of both rapidly growing and stationary phase cells from an alginate
biofilm. This work suggests the presence of a controUed release mechanism for P.
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syringae cells where alginate lyase works to release viable cells from biofilms upon
changes in environmental conditions.
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